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ACOUSTIC AND VIBRATION TESTING

SIMULATING TACTICAL MISSILE FLIGHT
VIBRATION WITH PNEUMATIC VIBRATORS

I Don G. VandeGriff, Weston D. Ayers and John G. Maloney
General Dynamics Corporation

Pomona, California

The use of multiple pneumatic vibrators for the simulation of
simultaneous three axis broadband random flight vibration is presented

rfor a tactical missile application. The acceleration spectral
densities measured during the pneumatic vibration test compare
favorably with those telemetered during flight of the tactical missile.

INTRODUCTION content above the typical vibration specifi- Jil
cation uppor frequency limit of 2000 Hz.

The electronic complexity of tactical
missiles is such thaZ a thorough functional PNEUMATIC VIBRATORS

t. checkout under vibration is required at the
full missile assembly level during engineering The missile checkout facilities at
development. Typically such electrical checkout General Dynamics, Pomona Division have used a
facilities do not include large dedicated three dimensional hydraulic shaker system for
electrcdynamic drivers for vibration testing, nearly twenty years. The shaker system, which
This situation has brought about the need for was mounted inside an empty rocket motor, was
a portable, simple to use and low cost capable of 136 kilograms (300 pounds) peak
vibration system to approximate simultaneons sinusoidal force capability at frequencies up

three axis broadband random flight vibration to 600 Hz. The shaker system normally took afor tactical missiles. full shift to set up and required considerable

maintenance. When the vibration test require-
TACTICAL MISSILE FLIGHT VIBRATION ments for broadband random waveform and an

extended frequency content matured, the
The vibration experienced in flight by possibility of using pneumatic vibrators was

oat tactical missiles is characterized as explored.
having broadband random waveform. Random
vibration ic typically described in terms of Pneumatic vibrators are used in commercial
acceleration spectral density (ASD). The ASD applications such as grain conveyors and parts
is the mean square acceleration per unit band- sorters. Three different sizes of vibrators
width as a function of frequency. are shown in Figure 2. Ths three sizes, which

were purchased from the Cleveland Vibrator
The ASD of two samples of vibration Company, have piston diameters of 16, 32 and 38

measured on a version of Standard Missile are millimeters (.625, 1.25 and 1.5 inches). The
presented in Figure 1. The vibration measure- vibrators consist of five parts; a free piston,
ments, one of which is in the radial (flight a bigs spring, a housing and two end caps. The
vertical) direction and the other of which is largest of the three vibrators is shown
in the longitudinal direction, were made with disassembled in Pigure 3. The porting, which
Endevco 2221 D accelerometers located on the induces and sustains the oscillatory motion
inside diameter of the airframe. The acceler- of the piston, is located entirely ii the
ometers were attached, using a small mounting housing on the largest vibrator.
block, to a region in the mid-section of the
missile which is on the order of 13 millimeters When driven by compressed air above a
(0.5 inches) thick. The missile vibration threshold of about 1 atmosphere gage pressure
data were transmitted during flight using an the piston oscillates thru its stroke and
FM telemetry system with a data bandwidth of produces impacts at a repetition rate of 30 to
20 to 5000 Hz for the vibration channels. One 120 Hz depending on the pneumatic vibrator
be made from the measured flight vibration

data is that there is considerable frequency

V",



The vibration characteristics of the TEST RESULTS -

smallest of the three vibrators have been
explored using the set up illustrated in The pneumatic vibrators have produced
Figure 4. The vibrator was attached to a rather respectable broadband vibration levels
12.5 kilogram (27.6 pound) steel block. An on the Standard Missile. By using pressure
accelerometer was mounted on the block opposite settings in the range of 1.4 to 2.7 atmospheres
the vibrator. The acceleration time histories the following broadband (1-5000 Hz) root mean
resulting from a low pressure and then a high square (RMS) accelerations were achieved.
pressure are presented in Figure 5. The
repetition rate resulting from the lower Missile Broadband Response - g RMS
pressure is approxim3tely 80 Hz and the Region Vertical Horizontal Longitudinal
repetition rate with the higher pressure is
about 110 Hz. The ringing of a 3500 Hz Forward Section 6.8 6.5 6.5
resonance is apparent for both pressure levels. Mid-Section. 8.9 11.2 4.4
The ASD's of the measured acceleration time Aft Section 10.0 14.4 10.6
histories are shown in Figures 6 and 7 for the
low and high pressures, respectively. The These overall RM4 levels generated by the
ASD's are seen to exhibit strong content at pneumatic vibration system, are in general
nearly all harmonics of the repetition rate. agreemnt with the maximum levels measured in
The variation of repetition rate with pressure flight on this version of Standard Missile.
can be used to smear the frequency content that Comparisons of the acceleration spectral
is produced by the vibrator. The ASD of the densities of the ground test and flight
acceleration time history resulting from vibration data are presented in Figures 11
various pressure levels is presented in thru 13. Although the acceleration spectral
Figure 8. It is seen that amplitude modulating densities are by no means overlays, the spectra
the pressure supply results in a character- induced by the pneumatic vibrators are of the
istically smoother ASD than that resulting from same general shape as those of the flight
a constant pressure. measurements.

TEST DEVELOPMENT When pneumatic vibrators excite the
missile with its numerous resonances, the

The development of the pneumatic vibrator acceleration waveform that results boars a
system for the tactical missile application resemblance to broadband random. A comparison
proceeded in a cut and try fashion. One of the of the instantaneous acceleration distributions
first discoveries was that the repetition rate for measured flight data, for that resulting
of the vibrator locked onto the first body from the pneumatic vibrator system and for a
bending mode frequency when a constant pressure Gaussian distribution is presented in Figure 14.
was applied to the vibrator. This resulted in It is seen that the distribution for the
strong excitation of the first body mode with measured flight is nearly Gaussian. The
negligible energy at the higher frequencies, distribution resulting from the pneumatic
It was discovered that modulating the supply vibrators is bell shaped but with more activity
prossure prevented the vibrator from locking near zero and slightly more activity above
onto the first body mode and as mentioned 2.56than the Gaussian distribution.
earlier the modulation also produces a
beneficial smearing of the vibration frequency CONCLUSIONS
content.

The pneumatic vibrator system has been
To minimize the effect on the electronic used as an integral part of missile checkout

checkout of the missiles, inert rocket motors of about thirty engineering development and
have been modified for direct attachment of the limited production missiles over the past two I
vibrators. At the other locations along the years at General Dynamics, Pomona Division.
airframe a split clamp attachment is utilized The pneumatic vibrator concept has proven to be
which results in no modification to the flight a simple to use, low cost means of approxi-
hardware. A total of nine vibrators driven by mating three axis broadband random flight
four pneumatic control channels are utilized. vibration for tactical missiles.
The test configuration is illustrated in
Figure 9. A single longitudinal vibrAtor,
attached to the aft closure of the rocket motor,
is driven by one of the pneumatic channels.
The other eight vibrators apply radial
excitation along the airframe. The four
pneumatic control channels permit control of
the vibration tesponses in various regions
of the missiles. The rneumatic control console
is shown in Figure 10.
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Discussion Mr. Maloney: By modulating the pressure supply;
if you put it on a missile that has a first

Voice: Did you run into any problems with the body lateral resonance of about 50 Iz and if you
way the missile was supported? When you just apply a steady pressure to it the "rep
operated the vibrators were the support rate" becomes 50 Hz. We modulated the pressure
locations important as far as generated arti- supply ar a rate of about 7 Hzs and it keeps
ficial modes or suppression of significant you from locking into that stationary condition.
modes of vibration? Of course this is obviously not totally station-

ary for that reason.
Mr. Maloney: No, I don't feel that they were;
we intentionally suspend the missile very Dr. Morrow (Advanced Technology Center): We
softly two or three Hz would probably be the should remember that distribution is a very
highest suspension frequency. The first delicate thing in a structure and it tends to
elastic mode in a missile configured that way change as vibration propagates. So if you look
is aout 30 Hz so there is tremendous frequency at the vibration that is important to an actual
separation between those suspension modes and failure point that is not necessarily the same
the lowest vibration modes that we are con- distribution as you measure somewhere else,
cerned with. there is ordinarily no simple relationship

between the two except that its probably more

Mr. Wadleigh: (General Dynamics/Cotivair): Pow gaussion that where you made your measurement.
did you react the actuators? It is not very useful to make predictions about

fatigue from Lhe distributions where the measure-
Mr. Maloney: The vibrators are directly ments are made. When you shook this missile did
attached to the airframe. In some cases, we you control a force or a motion at the excita-
have attached them through an elastomer in an Zion points?
attempt to attenuate some of the high frequency.

Some of the devices have threads and we can Mr. Maloney: It was response control.
screw studs into them while others have flanges
that we can bolt to. Dr. Morrow: Response in which terms?

Mr. Wadleigh: I was referring to the opposite Mr. Maloney: We monitored the overall RMS

end of the actuator away from your test level in each of three directions at each of
specimen, did you tie into a reaction mass? the three locations along the missile and we

adjusted the pressures so that we got these RMS

Mr. Maloney: No, it is not tied to anything, levels within a certain desired band.
that end is free.

Dr. Morrow: So you are monitoring the response
Mr. Galef, (TRW): Your probability distribution at chosen positions not necessarily the
comes out a whole lot closer. to gaussian, than I excitation points.
would have guessed it did, but it is still
pretty far from it. It is sufficiently far Mr. Maloney* Yes.
that the power spectral density by itself
would seem to be a very imcomplete statement Mr. Tustin (Tustin Institute of Technology):
of the severity. Did you do any analysis to Most test specifications say "the vibration
see what sort of a power spectral density shall be gaussian" but very few laboratories
ratio ycu would have to have between your test ever bother to check this point. Your depar-
and actual flight measurements in order to have tures from gaussian wouldn't upset people too
approximately the same number of peak values in much until someday QA starts to check into this
the course of some finite time, or the same matter.
amount of fatigue damage?

Mr. Maloney: You ere saying that they should
Mr. Maloney: I think the answer to that is no look at their own distributions first before
we haven't done too much along those lines; they throw rocks right? Yest, my experience
but I also think that there is a considerable with the measured data that we have seen in
amount of energy at the high signal levels so flight is that is is non gaussian and that it
you could adjust those overall levels such that has energy beyond 3 sigma. So when you convert
you would get a similar distribution of the it to a test specification you make everything
peaks and some people have done that with broAd gaussian. You tell them to clip at 3 sigma and
band random testing. We have not attempted to you are really destroying some part of the real
do that. We are trying to run a fairly severe world when you do that. I do not claim that
test. our flight vibration has the kind of peak RMS

!, -Ki- ratios that this test produzes. It is higher
Mr. White, (Bettis Atomic): You had indicated than we have really seen in flight data.
thaf the vibrator locked in on the first bend-
ing mode of the missile. Did I understand you
correctly? How did you overcome that?
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A 1UEE DIRETIOAL VIBRATION SYSTM4

Fred M. Fdgington
Dynamic Fhvironnents Branch
Applied Sciences Division

ArT Materiel Test and Evaluation Directorate
* White Sands Missile Range, New Mexico

The design and performance of a Three Directional Vibration System to k
allow the simlation of ground and air transportation vibration environ-

ment is presented. The basic system was built at White Sands Missile
Range , New Mexico and utilizes a multiaxis drive unit designed and

Missile Range (WSMR) to have a three direc- f. Isolated from its foundation
tional vibration system for two major masons.
First, the time required to make setups and g. Multiple uses
perform specification type single axis
vibration tests would be greatly reduced, INITIAL SYSMP7
especially when the test involved tenperature
conditioning. Secondly, being able to apply In the early 60's, the first 3-D System
vibration environments in three directions at WSMR was assembled having as the driven
sitiltaneously would allow m are realism to unit a 0.13 m aluminum cube. This system is
exist when vibration levels wasured during aepicted in Figure 1 and used three M3 CS-H
equipment operation wer to be reproduced Fxciters to supply the driving force. As is

ndtlaboratory. The n easurement made apparent from the sketch, there was no place
on missile components during fligt and on to mount a test item without causing severe
radios during helicoater flight indicates moments about at least two of the driving
very little rotational motion of a vibra- axes. These moments would cause the drive
tory nature exists. Because of this and plates to separate from the cube since they
to allow for single axis vibration testing, were only attached by a thin film of oil
the design for the three directional supplied by gravity.
vibration system was to have only ortho-

* gonal motion along the three principal axes.

To meet the WSNR needs, three systems
have been evaluated experimentally. The
first two were discarded for reasons given
later. The third system which is described
in this paper and, in operation has the fol-
lowing additional design criteria.

a. No resonance below 500 Hz

b. Usable to 2 kHz

c. Capable of 0.025 m double amplitude
in each of three directions

ii d. An attachment surface of at least

0.90 x 0.90 m Fig. 1 - Sketch of first 3-direction vibrationsetup



This system operated extremely well at low nounted perpendicular to the first set between
frequencies and relatively low accelerations, this intermediate frame and the main frame
but as the frequencies were increased, the oil that supports the system. The flexures are

fl lm decoupled causing an attenuation of the identified by arrows on the figure. The inter-
acceleration of the cube. This decoupling mediate frame is free to ove, in fact,driven
continued until eventually the cube would by the flexures in the horizontal direction.
separate from the horizontal drive plates.
Although the setup did demonstrate the echanically, this system was much more
feasibility of a 3-D vibration system, it complex than the first 3-D Setup and proved
had no use as a testing tool and was dis- to have several advantages. A test item could
mantled, be mounted on it and it would not fall apart

auring operations. However, a severe resonance
The second 3-D vibration system to be occurred at 150 Hz due to the mass of the input

evaluated at WSMR was designed, built and drive rods and at several frequencies, the
operated by the Wyle Laboratory at Huntsville, variation in the acceleration level in the
Alabama. This system was used to test radios vertical direction was 40 db. Over 100% dis-
to a three directional vibration environment tortion existed at nany frequencies. The
measured on the radios during helicopter distortions were presumably caused by the
flight. Figure 2 shows the Wyle system as it flexures, intermediate frame, and the input
was set up at WSMR. rods. Some distortion was also caused by the

shaker support system, main frame, and the
wide flange beams that supported the main
frame. It was found that a test item having
an appropriate mass could be placed on the

:,T\.. table such that its mass counteracted the mass
of the drive rods. With this mass, some of
the bad resonances in the vertical direction

• were mninimidzed, but resonance problems in the

I ~ horizontal directions were increased. For
these reasons, this system was also disassem-
bled and the exciters put to better use.

S CURRENT 1HREE DI!ETION (3-D) VIBRATION Al

Theprevious testing and setups provided
enoupt information on distortion to know that
the support system for the exciters and table
had to have high stiffness and reasonable
danping. As these characteristics would be

table something more than salvage value if the three

directional concept did not prove to be useful.

The vertical input rod was attached to the For this reason, three modes of operation were

lower side of the approximately 0.4 m square conceived. These consisted of three axis,

table while the two transverse input rods were vertical, and slip table operations as depicted

attached to two of the corners of the table. in Figures 3, 4, and 5. To facilitate uniaxis
Connected to the exciter were large tubes testing, one exciter could be used for hori-Coneed to the exitre weren plartes Fzontal testing and another used for vertical
welded to the armature attachment plate. Four exiaon Th3-sytmwscsruedb
circular steel flexures 900 apart are munted excitation. The 3-D system was constructed by
between the tube and the drive rod. The on- WS and Team Corporation usitg slightly,

modified Ling 335-B Exciters. A cut away
gitudinal axis of the flexures was the same sketch is shown in Figure 6.
as the drive rod, thereby, permittir;s the
excitation to be rearonably transmitted

while allowing the er5 ye rod and table freedom
to move in directions normal to the exciter's
direction of motion.

The mechanism used to restrain the rocking
P rrtions of the table is two sets of four cir- -- fvI.us

cular flexures, The first set was attached
- l to each side of the table and to an inter-

ediate frame. The second set of flextures are -

Fig. 3 - Horizontal Uniaxial Testing Mode

W6



used to enclose the area utilized for the

0 1U Team table support. To dampen the structure,

and when the sand fill is complete, water will,sand has been added to all enclosed volunes

St. be added to fill all voids. Past tests have
shown that the water will double the damping
coefficient and increase weight by 20%.

The support for the horizontal exciters
are 0.1525 m thick steel plates mounted verti-

cally by welding to the base with the upper
end machined to accept a trunnion mounting
assembly. This assembly is made so that ver-
tical or horizontal changes (up to .0165 m) in

Fig. 4 - Sketch of the vertical uniaxial the position of the exciters can be made by 4
testing mode the use of shims. After the exciters are

positioned, the assemblies are bolted down
forcing two wedge shaped portions of the
assembly into the side of the 0.1525 m trun-
nions. The trunnions are pressed into the
body of the exciters and then welded. This is
the only modification to the standard Ling

335-B Exciter. The vertical exciter is hung
from the main structural support plate of the
multiaxis drive unit. Bolted to this plate
are twenty-four steel rods, .010 m in diameter,
.030 m long. These in turn are bolted to an
adaption ring bolted to the top body of the

-- .,, . - exciter. The structural support plate is .020
m thick by 1.37 m square. To provide a flat
smooth surface for the support plate to mount

Fig. 5 - Sketch of 3-Directional mode for the on, machine steel strips were placed on stand

current system offs and adjusted until they were in a hori-
zontal plane. The voad between these strips
and the base was then filled with a high
strength epoxy. Using this technique, a mini-
mun amount of machining was required and a

the multiaxis driv unit.sold fatsurac wa otained for ounting

Vertical excitation is transmitted to nine
journal bearing -posts .01525 m in diameter
throug a transi.ion block or head spreader
.635 m square by, 0.22 m deep attached to the
armature. Then. posts go through journal
bearings mounted in the main structural plate.
Two bolts going through each post into the

". ~ transition blcvk hold a lower bearing plate
to the posts. The Journal bearings restrict

Fig. 6 - Cutaway sketch of the new the motion of this 0.127 m thick bearing plate
3-directional vibration system to the verti(.al direction. The top surface of

this lower plate has bearing surfaces machined

COSTRUCTION into it, allowing the upper bearing plate or
test table to slide in the horizontal direc-

The base is approximately 0.915 m thick, tions. The upper bearing plate is held in
built using wide flange beams boxed in by place by bolts that go through the lower plate,
welding .0254 m thick steel plates to each the bearing posts, and into the transition
side. The base is L-shaped, having side block. Cutouts are made in the lower bearing
lengths of 5.10 and 3.30 m. The width of plate and the posts to allow the upper plate
each side Is 2.06 m. The wide flange beams to move .0254 m in any horizontal direction.
are placed around the peripheral of the base To reduce high stresses at the ends of these
and across the sides in front and back of bolts, inserts are mounted in the upper plate
each horizontal exciter. In addition to box- and at the lower end of the posts to reduce

ing in the wide flange beams, the plate is bending of the thin bolts at these locations.
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All bearings in the system operate from a demonstrated that each unit will support
3.48 MPa hydraulic oil supply and vacuum is 10909 kg at 620 KPa (their maximum rated
used to return the oil to the punp reservoir, operating pressure). The complete system
Vacuum is also applied between the test table will weih 2.07 x 105 kg and weighs 1.88 x
and the lower bearing plate at all non-bearing 105 kg without the Team slip table. The
locations to assist the bolts in counteract- resonant frequency of the three directional
ing any overturning nmomnts induced by test system mounted on this isolation is 2.4 Hz.
items. This vacuum can oe varied manually This means that virtually no vibration forces
from 5 m }i to 63.5 m Hg and air and dust are transmitted to the frnor as a result of
are prevented from entering the system by the unit operation.
teflor, seals placed between and along the
perinmter of the 0.915 m be 0.915 m hearing SYSTEM PERFORMANCE
plates.

The evaluation of the system performance
Drive is applied to the table in the characteristics was accomplished using sine

horizontal directions through Team 1/2-17 BQ sweeps in one direction at a tine and random
spherical couplings. The mechanical preload noise in three directiormsimultaneously, Dur-
on these couplings was increased until they irg evaluation, accelerometers were mounted
would Just be free at 13.7 MPa hydraulic oil in the three directions of excitation at the
pressure ard they are operated at a pressure four locations shown in Figure 8.
of 19.3 MPa. One pair is used in one direc-
tion and two pair are used in the other. All
torsional moments created about the vertica)
axis are. transmitted through the two couplings
to the exciters flexures and bearing systems.
The assemtbled system ready for an initial
evaluation is shown in Figue 7. The moving
element weight is 3451 kg in the vertical
direction and 1729 kg in the horizontaldirection. -

Fig. 8 - 3-Direction sine vibration
accelerometer locations

Control was maintained at the center of the
table (Accelerometer 1, 2, or 3) for all tests.
The cross axis sensitivity of these Endevco
Model 2213E Accelerometers ranged from 1.8% to
2.9%. For sine wave operation, all anpltfer
and field supplies were on, but the inputs to
the nonoperating exciters were shorted. Five
minute logarithmic sweeps were conducted from
10 Hz'to 2 kHz at an input level of one g peak.
As the sine wave input level was maintained at
one g with less than 0.1 g variation, no plot
a 1sw rc t eeosof the input is presented. Figures 9, 10,and 11 show vertical table responses to a

vertical input. Figures 12, 13, and 14 show
the responses to inputs from the exciter hav-
ing one pair of ball Joints and Figures 15,Fig. 7 - 3-directional vibration system 16, and 17 show the response to an input in

setup for initial evaluation the final horizontal direction. During sine

excitation in the horizontal directions, the
When the i D system was first operated, cross axis motion in the vertical direction

no isolation was present between the base and was low, normally less than 50%, however, thethe floor. This operation caused the oase to other horizontal directions exhibited high M
walk across the floor and the cinder block cross axis motion. Excitation along the axis
building to vibrate. Although this operation of Nuter 3 accelerator resulted in the rross
did greatly assist in distributing the sand axis notion shown In Figures 18, 19, and 20,
within the base, it was immediately stopped while motion in the direction of accelerometer

[- ~and an is, ation system using five Model 196 Nuber 2 'resulted in the cross axis motion
Barry stable level air support units was shown in Figures 21, 22, and 23. When excita-installed. Tests conducted at WSM tion was in the vertical direction, nearly all
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accelerometers exhibited high cross axis

motlion. These responses are shown in Figtires 100'
24i through 29.

100

10I

10 100 1000

______________________________ FREQUENCY HZ

10 100 1000 Fig. 11 - Acceleration measured fromn No. 1.0
FREQENCYitsAccelerometer when No. 1 Accelero-

Fig. 9 - Acceleration f~azured from No. ~4
Accelerometer when No. 1 Accelero-
meter was maintained at 1 "Olt! peak 100 _________________

100: si*aj ii.i I

-'10

>10

l.L..L..k.. 10 100 1000

1010i00 g. 12 - Acceleration reasured from No. 544FREQUENCY Uz Acceleroneter when No. 2 Accelero-
a -~meter was maintained at 1 "Olt peak

Fig. 10 - Acceleration measured f'rom No. 7
SAccelerometer when No. 1 Acceler-

meter. was m-intained at 1 "Of? peak
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Fig. 13 - Acceleration measured from No. 8 F.15- Acceleration measured from No. 6
Accelerometer when No. 2 Accelero- Accelerometer when No. 3 Accelero-
meter was maintained at 1 t9QIt peak meter was maintained at 1 IltG" peak
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Fig. 14~ Acceleration measured from No. 11 ?Fig. 16 - Acceleration measured from No. 9
Accelerometer when No. 2 Accelero- Accelerometer when No. 3 Accelero-
meter was maintained at 1 "Gi peak meter was maintained at 1 110"1 peak

A
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Fig. 17 Acceleration measured from No. 12 Fig. 19 - Cross AxisAcerainmsud by
17 Acceleron ter whnN.3Aclr-N.8Accelerometer we o

meter was mintained at 1 "Ott peak Accelerometer was Excited to 1 ttGti
peak

10010
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No.g. Accelerometer when No. 3 No. 5 Accelerometer when No. 3
Accelerometer was Excit~d to 1 "G"f Accelerometer was excited to 1 "G
peak peak
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Fig. 29 - Cross Axis Acceleration measured Fig. 30 - Equalization obtained in the
by No. 12 Accelerometer when No. 1 Vertical direction during three
Accelerseter was excited to 1 "01 directional vibration
peak

Measurements have indicated that the 0-2
variation in the vertical direction and much
of the cross axis motion is caused by a lack
of stiffness in armature supports of the Ling
335-B Exciters. This lack of stiffness is ]
emphasized when the excitation is applied by
the shaker driving through one pair of ball
Joints. The armature of the other horizontal V310-3 -
shaker is rocking such that its outside edge
is moving a total of .00o48 m. A much stiffer
flexure system is available from the manufac- Ii
turer, however, with the present flexure, the 1
system is usable but may have a reliability 21
problem. This is particularly true if the "-4:

system is to be operated at low frequencies. 10 -

f Random vibration was used with the system Si 'A
in two configurations. The first wan with no
load and three non-correlated inputs were
applied in three directions simultaneously.
It was attepted to equalize to a flat spec- 10 

5  
..... . i

trun using the Accelerometers 1, 2, and 3 for 10 100 1000
feedbacks. The equipment used for equaliza- FRrQUFNCY Hz
tion was two MB equalizers, Models 389 and
589, with peak notch and graphic equalizers. Fig. 31 - Equalization obtained in the No. 2
The results of this equalization using 12.8 Horizontal direction during three
Hz effective bandwidth for analysis are shown directional operation
in Figures 30, 31, and 32. For the second
configuration, one of the horizontal exciters
was removed so that the test item (two struc-
tural dummw Chaparral missiles) could be
attached to the table, see Figure 33.
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Fig. 32 - Equalization obtained in the No. 3 Fig. 34 - Required and desired .pectrum from

Horizontal direction during three horizontal excitation of the
directional operationi] Chaparral missiles

10-3

CM

A Az_

Fig. 33 -Overall view of the setup used to 0 .
excite two Chaparral missiles in the
Vertical and Horizontal directions i4 . ... .... L...

S10-

The weight of this setup was 225 kg. The input FREQUENCY000spectrum curves are those actually used for

ground transportation testing. The missiles Fig. 35 - Required and desired spectrum from
are orientated i3 off of the horizontal axis vertical excitation of theas they are normally during single axis test- Chaparral missiles
ing, this is to account for the longitudinal
input. The required spectrum and that obtained It is felt that had beeter equalization
using an 8 Hz analysis bandwidth are presented equipment been available, the bare tablein Figures 34 and 35 for the vertical and could have been equalized to within 2 db at
transverse input directions respectively, all but a few points. These points are at

1900 Hz in the vertical direction at 1700

44
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through 1800 Hz in the direction of the one Modifications are required to improve the three
ball Joint and at 1550 in the other direction directional vibration systeM's performance and
when a flat input spectrum is desirable. As reliability.
the intent of the system is to test missile
and helicopter components to flight environ-
ments, both high and low frequency performance
will be required. Each type of excitation
will have to be checked before the sys'-ms
capability will be known. If flight levels
can be reproduced on all test items as well
as the setup used on the Chaparral missiles,
the system will well be worth its investment
both as a three directional test system and
for testing items sequentially using only one
setup. This is particularly true if tempera-
ture conditioning is required.

PROPOSED CHANGES

To increase the reliability and perform-
ance of this system, several changes are
anticipated. The first is to install
stiffer flexures in the horizontal exciters.
This will reduce cross axis motion, flatten
the frequency response In t, vertical direc-
tion and immensely improve t, , reliability of
the system. The second is to transfer the
torsional moments about the vertical axis
to both horizontal exciters. This will be
accomplished by installing a second pair of
hydrostatic ball joints between the table
and the exciter which only has one set now.
A third change is to add an automatic center-
Ing system to the vertical exciter. The
standard leveling system on the 335B Exciter
is extremely difficult to set such that the
table will not drift off center after a half
hour or longer period. As expected, this
drift causes the system to be shut down by
the over travel switch. The last is to
install a modified armature in the vertical
exciter to Increase the force output for
short tests (reproducing missile flight
vibration environments),. it is believed
that as much as 1.36104 kg force can be
generated from the exciter by adding an
additional cooling system and changing the
armature.

CONCUM0NS

The Three Directional Vibration System
represents a vast improvement over what was
previously available. This system can be
used for the testing of small items to
vibration environments measured during
missile and aircraft flight or ground trans- I
poration. These measured vibration
environmnts or other test specifications

. can be applied to the test item either
simultaneously or sequentially as desired.

I.4
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DUAL SHAKER VIBRATION FACILITY

Carl V. Ryden

Pacific Missile Test Center
Point Mugu, California

The requirement for a dual shaker vibration facility
was generated by bhe requirement for vibration testing of
the PHOENIX and HARPOON missiles in the All-Up-Round
configuration. This configuration is required for a more
realistic simulation of vibration throughout the missile and
to allow4 functional operation of the missile during the
tests. Also in the case of the PHOENIX, the missiles cannot
be disassembled for sectionalized vibration testing because
of contractual requirements. Two shakers (one at the
forward end of the missile and one at the aft end of the
missile) instead of the customary single shaker were needed 41
because of the vibration transmissibility characteristics
through the warhead and motor sections, and because of the
different levels and spectrums required at the forward and
aft missile sections. The transmissibility ratio varies
considerably with frequency. There are low frequencies
where the transmissibility ratio exceeds one. This is true
for both forward and aft directions (from the aft control
section to the forward guidance section, and vice versa);
however, the frequencies are different. At the higher
frequencies the transmissibility decreases towards zero in
both directions.

Two complete and independent vibration systems were
utilized including random noise generators, equalizers,
amplifiers and shakers. Since the signals from the two
systcms are random and independent there is no constant
phase relation (continuously and randomly changing) between
the two vibration inputs and their respective
transmissibility through the missile. The shakers aretherefore independently controlled assuming the system is

essentially linear at the critical frequencies and
amplitudes. The two shakers were identical in order to
reduce setup complication and control problems.

INTRODUCTION missile. A single shaker will not
provide a realistic vibration test
because of the low vibration

In order to provide a realistic transmissibility through the center I
vibration simulation, during laboratory sections (armament and propulsion) of
environmental tests, of captive and the missiles, and also because
free vibration for the HARPOON missile different levels and spectrums are ; r
and captive flight vibration for the required at the forward and aft missile
PHOENIX missile, it is necessary to sections requiring separate inputs.
vibrate the missiles with two shakers For example, for the HARPOON free|J
simultaneously. One shaker is attached flight simulation; the vibration levels
near the forward end of the missile and for the forward portion of the missile
one is attached near the aft end of the (station 9.64 through 84.50)is 5.8 grms

27
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and for the aft portion of the missile fixture.
(station 84.51 through 160.50) is 6.5
grms. The test levels for the HARPOON In both the mini and short rounds,
are based on design criteria and for the levels and spectrums are not
PHOENIX are based on captive flight realistically simulated at all the
vibration data. missile sections. Some points in the

missile are severely undertested when
Since the missiles are the maximum responding points are held

functionally operated during the to a "not to exceed" level and spectrum
vibration tests, it is necessary to limit. If these points are not held to
test the missiles in the full length this limit then they are overtested
round configuration. Also, in the case while other points are undertested, but
of the PHOENIX, the mirsile cannot be not as severely.
disassembled, becaur of contractual
reasons, for vibratioz. testing of the The method of using a single
sections separately. shaker and attaching it at different

locations on the missile was used by
Hughes Aircraft (HAC) for PHOENIX
vibration testing. In this tpst, a
shaker was attached and vibration

METHOD applied first, at the joint between the
guidance and armament sections at the
forward end of the missile, and then,

Comparison Of Other Vibration Methods at the joint between the propulsion and
control sections at the aft end of the

Other methods of vibration testing missile. Since the complete missile
which have been used include: was not tested at one time,

interactions (electrical as well as
1. Individual missile section mechanical) between the sections were

vibration not simulated, and the time and costs
were greater than if the complete

2. Mini round configuration, missile was vibrated.

3. Short round configuration.
Literature and Test Data Review and

4. Single shaker attached at Evaluation
different locations.

A literature review was made of
Many tests have been conducted in analyses and tests conducted employing

the past during which each section of multishaker configuration in order to
the missile was vibrated individually, determine potential problem areas, how
With this method each section could be to avoid these problems, what the best
tested at its particular level and approach in development might be, and
spectrum. However, since the complete if the problems were encountered, how
missile was not tested, interactions to approach a solution. A list of the
between the sections were not simulated articles reviewed are given in the
and time and cost were greater than if bibliography.the complete missile were vibrated.

Problems, as pointed out in these
The mini round configuration was articles, were encountered when using

used for PHOENIX vibration tests. This sine wave vibration and attempting to
method used only the guidance and control the amplitude and phase
control sect 4ons of the missile relationship between two or more
excluding the armament and propulsion vibration inputs. The problems
sections. An adaptor was used to consisted of high transmissibility from
connect the guidance and control one end of the missile to the other,
sections together and provide an time delay and phase shifting between
attachment to the shaker. the input points to the missile and

responses throughout the missile.
The short round configuration was There was very little information on

also used (and still is) for the random vibration inputs, particularly
PHOENIX tests. This method used the using completely ind-pendent vibration
guidance, control and inert propulsion systems including idependent noise
sections of the missile excluding the sources.
armament section. Adaptors were used
to connect the sections together and Prior to testing, preliminary
provide an attachment to a vibration bending frequencies of the HARPOON and
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PHOENIX missiles were calculated; transmissibility occur and the spectrum
however, no detailed analyses were shape can be expected to change.
performed since there were many unknown However, the natural frequencies (as

parameters. The values of these would determined from the response i
have to be determined experimentally, vibration amplitude at a point on the

missile with respect to the input
Tests were performed to determine force) should remain the same no matter

the lateral clearance and spring rate where the fixtures are attached (the
of the shakers to be used for these force input is applied). This is true
tests and calculations were made to since the response is normalized to the
make sure that if maximum excursions of force input. This is borne out by
both shaker armatures in opposite comparing the data from the different
directions should inadvertently occur configurations.
that it would not damage the missile,
shakers or fixtures. Also, Also, as can be seen from the
calculations were made to be sure that data, the transmissibility is low at
the maximum opposite armature excursion the higher frequencies (e.g. less than
occurring during maximum level 0.01 above 500 Hz) as the results of
vibration would not damage the shaker the low rigidity, high mass, and high
on a continuing basis, damping characteristics of the armament

and propulsion section.
A review was made of data obtained

during vibration tests conducted by the Because of the potential problems,
HARPOON and PHOENIX missile contrac- as pointed out in the literature
tors. review, in attempting to control the

amplitude and phase relationship
The method employed by McDonnell between two inputs, it was decided to

Dougla' Corporation was to excite the use two completely independent systems
HARPOON missile with a small shaker at with independent inputs. Since the
different points. Results of these natural frequencies, as well as the

- tests are shown in Figures I through 6. high transmissibility frequencies, are
different at the forward and aft ends

Figures 1 and 2 show the of the missile, it was felt that
transmissibility between missile problems of instability due to high
station 24.0 and !42.0. Figures 3 transmissibility from one end of the
through 6 show the vibration response missile to the other (the input at one
with respect to the input force at shaker affecting the vibration level at
stations 24.0 and 142.0 (using force the other shaker and vice versa) at a
control input). The transmissibility common frequency would not likely
curves depict t:.e ratio of amplitude of occur. The additional change in
vibration at the two points while the dynamic characteristics by attaching
response curves show the response in two vibration fixtures was not expected
amplitude of vibration with respect to to have a great affect on changLng the
the input force giving the natural frequencies. Also, it was felt that
frequencies of the body bending modes. since the output inpedance of the

shaker is very low (because of the high
The method employed by HAC was to internal dynamic damping factor of the

vibrate the missile at two locations power amplifier) the response from the
using a single shaker as described opposite shaker would be greatly
earlier. The results of these tests attenuated, eliminating any trans-
are shown in Figures 7 though 10. missibility type of instability in the

control of the shakers. In addition it
Figures 1 through 10 show low was felt that if this instability (high

frequencies where natural frequencies transmissibility from one end of the
and high transmissibilities occurred, missile to the other) could not be
As can be seen from these figures, the completely eliminated, then the control
natural frequencies and the high systems could be cross controlled
transmisolbility frequencies are and/or the spectrum level at these
differen at the forward and aft ends frequencies could be attenuated
of the missiles, manually.

Changes occur in the dynamic
characteristics of the structure when Systems Design
the mass of the vibration fixture is
attached at different locations on the Two complete and independent
missile. When these changes take random vibration systems were utilized
place, the frequencies at which high including random generators,
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* equalizers, amplifiers and shakers, attached using spaces and flat head
The two shakers used were identical in screws which replace the regular
order to prevent setup complication and missile section attaching screws. The
control problems, spacers fit into the clearance holes in~the insulation layer and bear directly

A block diagram of the major against the missile skin the same asequipment used in these tests is shown the head of the missile screws. The
in Figure 11. A complete list of flat head screws connect t'rough the
equipment is given later. As shown in ring segments, which are countersunk to
the diagram either of two equalizers, receive the flat head screws and
any of three power amplifiers and counterbored to receive the spacers,
associated control equipment including through the spacers, and into the
a random noise generator, and either of missile sections. The screws are
the two similar shakers can be used for torqued to the same value as the
each of the two independent systems. missile screws. This provides an

attaching arrangement with similar
loading, stresses and dynamic

Test Setup characteristics as tne original
attaching arrangement between the

Figure 12 shows an overall view of sections. Figure 18 shows the split
the HARPOON setup in the Hieatt Chamber collar and launcher hook clamping block
for combined temperature-altitude- for the forward vibration fixture. The
vibration tests. Figure 13 is a close- split collar clamps around the ring
up view of the vibration fixtures. segments, and the clamping block
Figure 14 shows an overall view of the attaches to the launcher hook and the
test setup for HARPOON missile in the split collar. Figure 19 shows the ring
climatic chamber for temperature- segments, launcher hook clamping block
vibration tests. Figure 15 is a close and the split collar for the aft
up view of the setup, showing the dual vibration fixture.
shakers, vibration fixtures, carts,
rails under the carts, and a brace
between the carts to maintain the Facilities Development
relative position and distance between
them. Figure 16 shows the PHOENIX Several laboratory facilities were
missile and location for the vibration developed or modified during the
fixtures on the missile. implementation of the dual shaker

capability as follows:

Fixture Design 1. Modification to the floor of
the Hieatt temperature and altitude

The design and construction of the chamber to accommodate Gwo 310 Svibration fixtures for both HARPOON and shakers suspende in low slung carts
PHOENIX were performed by Kimball supported on rails In the Hieatt
Industries. The design consists of Chamber. (See Figure 12).
split collars or rings which in the
case of the HARPOON missile clamps 2. Construction of four shakerdirectly around the missile, while In carts. Two low slung carts for use in
the case of the PHOENIX missile clamps the Hieatt Chamber and two high shaker
around ring segments attached to the carts for regular laboratory vibration
missile. The split collars are bolted work such as is shown in Figure 14.
together and attached to a shaker head
expander with four expanding pin 3. Installation and refurbishing
connectors. The HARPOON fixture of a Ling PP 140/150 Power Amplifier
including the split collars, head and associated equipment includingexpander, and expanding pin connectors impedance transformers, heat exchanger, 84
is shown in Figure 13. Figures 17 field supplies, electrical power
through 19 show details and exploded supply, cooling water, and cabling
views of the PHOENIX vibration interconnect panel.
fixtures.

Ring segments shown in Figure 17, Equipment
are attached to the PHOENIX missile at
the joints between the guidance and The following is a list of the
armament section, and between the equipment utilized in the dual shaker
propulsion and rontrol section at the facility.'1 vibration fixture locations as shown in
Figure 16. Tne ring segments are Existing equipment consists of the
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following: moment of inertia a3 the prototype
missile. However, the vibration

1. Ling PP 40/60 and PP 175/240 characteristics were not the sam-,
Power Amplifiers and the associated (e.g. body bending modes and the
.control equipment. damping characteristics of the armament

and propulsion sections) and actually
2. Ling ASDE 40 Spectrum was a worse condition. An

Equalizer accelerometer was attached ;n the top
of each fixture. Figure 12 shows the

3. MB 80 Channel Random Equalizer acce~erometer on the top of the forward
fixture.

5. The associated instrumentation
equipment including; Ampex FR 600 and These preliminary tests .consisted N

Bell -How II VR 31100 magnetic tape of the following:
recorders, Endevco 2735 and
Unholtz-Dickie 8PMCVA charge 1. low level vibration (I grms
amplifiers, and Endevco piezoelectric measured on fixture) input at forward
accelerometers. shakcr, and no field or armature -i

current applied to act shaker.
Modified equipment consists of the

following: 2. Low level vibration input at

1. Two Ling 310 S Shakers - no armature cUrrent applied to aft

10,000 lb. force output shaker.

2. Hleatt Chamber 3. Low level vibratlon input at
aft shaker, and no field or armatpre -i

3. Ling PP 140/150 Power current applied to forward shaker.
Amplifier and a:ccciated control
equipment. 4. Low level vibration input at

aft shaker, and field current but no
New equipment consists of the armature current appli.ed to forward

following: shaker.

1. Two Ling impedance matching Dtx-Ing these tests. problems were
transformers for the 310 S shaker, encountered with two of the power

amplifiers because of the system
P. Two Ling field supplies for modification to incorporate the PP

the 3 ) S shaker. l43/350 Power kmplifier. Data was not
obtained with both shakers operating

3. Two heat exchangers for the simultaneously since the second
310 S shakers. amplifier would cut off before data

could be obtained. However, it did
I. Four shaker carts designed and indicate stability with both shakers

built for the 310 S shakers. operating. When the amplifiers were
repaired and operating, it was decided

5. Vibration fixtures for HARPOON to resume testing with the prototype
missile. HARPOON missile since no problems were

encountered with the "dumm/y missile,
6. Vibrat..r, fix;.a'r-s for PHIOENIX satllity was indicated, and the

m:csile. dynamic ch-.aracteristics are different
(the "dutrny" missile being the worst
case).

Test ProcedureE
The following preliminary testsPreliminary" v.Ibr- thion tests using were performed on the prototype HARPOON

a "durmir" HARPOON missile were missile:
conducted first to establish if
out problem areas, if any. tests fixture) Input at forward shaker and no

twere conducted in the hieatt Chamber. amaure or field current appies to

The setup was the same az shown in a't shaker.
Figure 12 (which shows the prototype

4-Z missile). Toe "dummy" m.issile was 2. low level vibration input at
essentially a pipe with the same aft shaker, and no armature or field -.

outside diameter and with weight adied current applied to forward shaker. A
to p.rovide the proper weight, e.g. and
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3. Low level vibration input preliminary tests using the prototype
applied to both shakers. HARPOON missile.

4. intermediate level vibration In comparing Figures 24 and 25
input applied to both shakers, three resonances are indicated at 60

OipHz, 130 Hz and 21.0 Hz, and in compring
Originally it had been planned to Figures 26 sd 27 a resonance is

first vibrate each shaker separately, indicated at 150 Hz. Above 400 Hz
then apply field current to second there is a minimum attenuation of 10:1shaker (for both combinations), then for both directions.
apply field current and armature
current but with zero signal (having In comparing Figure 24, 27 and 28
only the damping affect of the power (PSD plots for the forward shaker) the
amplifier and the result lg low affect on the vibration at the forward
mechan.-al impedance) to the second shaker when adding vibration at the aft
shaker tc determine the damping affect, shaker can be seen. The shape of the
and then apply vibration to both spectrum, particularly at the low
shakers, frequencies, is changed slightly as

can be seen by comparing Figures 24 andBecause of problems with the power 28. One noticeable change is at 150 Hzamplifier stated before, short time where the resonance at 150 Hz, shown in

schedule, and since it was not Figure 27, from the aft shaker is
desirable to spend time vibrating the evident.
prototype HARPOON missile except when
absolutely necessary, and stability was In comparing Figures 25, and 26
indicated, all the intermediate steps and 29 (PSD plots fo.' the aft shakerlcould not be performed as planned, the same affect can be seen. Two

noticeable changes (,an be seen at 120No dynamic testing has been and 210 Hz due to te resonances shown
performed on the PHOEIX missile to In Figure 25 from the forward shaker.

date because of limited funds and timeschedule. No problems are anticipated In both cases the addition of the
since the transmissibility obtained second shaker tends to smooth out the
during single shaker vibration tests PSD plots and there is no indication of
(shown in Figures 7 through 10) is less instability as evident in Figures 28
than for the HARPOON missile, and 29.

Figures 30 and 31 show the rcsults

at approximately 3 grms level at bothi) shakers,
TEST RE.VLTS

Following the preliminary tests
using the prototype missile, combired

Figures 20 through 23 are power temperature-altitude-vibration environ-spectral density PSD) plots of mental tests were conducted in the
vibration at the input shaker and the Hieatt Chamber. These tests simulated

t! resulting vibration at the second captive flight co-aditions and consistedshaker obtained during the "dummy" of four 30 minute tests at two temper-
HARPOON vibration tests. atres and in two missile axes at a

vibration level of 5.8 grms for both
By comparing Figure 20 with 21 and shakers. Following the temperature-Fiure 22 with 23, it can be seen that altitude-vibration tests, temperature-there is very little difference in the vibration tests were conducted in the

vibration response at the second shaker climatic chamber simulating free flight
between having the field current on or conditions. The required vibration
off. levels for these tests were 5.8 grms at

the forward shaker and 6.5 grms at the
Figure 20 st )ws four significant aft shaker. Figure 32 shows the

resonances at 400, 96o, 1400 and 1570 required input levels and spectrums.
Hz. The forward shaker is included in zone

I and the aft shaker is included in j
Figure 22 shows only one zone II. A comparison of Figure 32

significant resonance at 4 20 Hz. with Figures 33 and 34 show a cl.' e
agreement between the results of

Figures 24 through 31 are power tests and the required levels and
spectral density plots of vibration at spectrums. Figures 33 and 34 show the
both shakers obtained during two input control spec i ms at the two
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vibration fixtures. Ten accelerometers power amplifier resulting in a very low
were located within the missils and mechanical impedance at the point of
these were monitored for "not to exceed vibration fixture attachment.
overall levels and spectrums". Figures
35 through 38 show four representative 3. The control points can be
samples of the spectrum at points within the test package and still
within the missile, maintain stability and control.

Final adjustments were made using 4. The control to establish thethe spectrum equalizer to the control required levels and spectrum at the
spectrums at frequency points where various points within the test package
maximum limits were exceeded. Also, as was easier to achieve with the dual
can be seen in Figures 33 and 34, the shakers than would be possible with a
frequencies below 200 Hz for the single shaker.
forward shaker and below 250 Hz for the s

aft shaker were attenuated using the 5. The test levels and spectrum
manual spectral equalizer control, were more realistically simulated using

the dual shakers than would have been
possible using a single shaker.

captive flight tests (in the Hieatt
Chamber), it was attempted to control
with a flat spectrum using two
accelerometers within the missile, one
for the forward shaker at mispile BIBLIOGRAPHY
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Figure 9. Power Spectral Density of Vibration At The Aft Ejection Ring With Input Vibration At The Aft Ejection
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Figure 11. Block Diagram Of The Dual Shaker Vibration System.
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Figure i92- An Overall View uf the HARPOON
Missile Cosibined Temnp xature.Altitude-Vibration

i Test Set Up in tne I-ieatt Chamber

Figure 13 - A Close-Up View of the HARPOON . 4Test Set Up Showing the Vibration Fixture
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I 7IM
Figure 15 - A Close-Up View of the HARPOON
Vibration Fixture

* ~ Figure 16 - A View of the PHOENIX Missile
Showing Locations of the Vibration Fixtures

4e]

Figure 17 - An Exploded View Showing the Ring 4o

Segments, Spaces, Flat Head Screws, andLauncher Hook Clamping Block
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FigureIS -A View Showing theSplit Collar
and launcher Hook Clamping Block for the
Forward Vibration Fixture

Figure 19 - A View Showing the Ring Segments,
launcher Hook Clamping Block, and Split Collar
for the Aft Vibration Fixture
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NOTE: VIbRIATION LEVELS ARE INPUTS AT THE HARD
POINTS IEOUIPMENT MOUNTINOIPRIMARY STRUCTURE
INTERFACE) IN THlE MISSIL.E.
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Figure 32. HARPOON Missile Vibration Environment Free Flight.
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Discussion

Mr. Caruso (Westinghouse Electric): Did you have

to notch either of the inputs to compenisate for
inputs from the opposite end of the missile or

.0 ~ for fixture resonances?

Mr. Ryden: No. We only notched at the lower
6 frequency to obtain the desired spectrum given

in the specification. We felt that we might
have to do tbis but the way it turned out there
was enough damping in the power amplifier so
that this wasn't necessary.

60 1 Mr. Caruso: Did you encounter any problems
from feed through from one end o~f the test .
item to the other?

j Mr. Ryden: No, even with the indicated cross
transmissibility on the Harpoon missile of

5-" eight to one this was attenuated.
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ANALYSIS OF FATIGUE UNDER RANDOM VIBRATION

Ronald G. Lambert
General Electric Company

Aircraft Equipment Division
Utica, New York 33503

Closed form analytical solutions have been derived to quantitatively
describe many areas of interest regarding fatigue under random vibra-
tion. These areas include relating root-mean-square Gaussian stress
to cycles and time to failure, the probability density function of cycles
to failure, and the probability of failure to cycles to failure. Also in-
cluded are the effects of stress limiting and of an endurance limit.
Comparisons between analytical predictions and empirical results have
been shown to be good whenever such comparisons were made,

INTRODUCTION of the analysis for random vibration is an area
requiring further investigation. The two

This paper deals primarily with the type of stresses become the same in the elastic region
random loading that occurs most often in a ran- above approximately 103 cycles, which is the
dom vibration test of high reliability electronic region of interest for the design of high relia-
equipment for military or space application. bility equipment.
The vibration exciter applies random accelera-
tions over a bandwidth of approximately 20 to
2000 Hz. The structures of interest within the SINUSOIDAL S-N CURVE DEFINITION
components or the unit under test respond at or
near their resonant frequencies. The resulting Fatigue data in the form of the harmonic
response stresses are narrowband randomfunc- sinusoidal fatigue S-N curve as shown in Figure
tions with a root-mean-square (rms) value of a 1 is usually available in the literature. This
and a static stress of approximately zero. The type of fatigue curve can be represented by a
envelope of the stress peaks can be expressed power law expression which is a straight line on
as a Rayleigh probability density function (PDF a log- log plot with slope B and y-intercept A
Stress limiting (i. e., clipping) sometimes oc- for N = 1 cycle. The instantaneous sinusoidal
curs if the motion of the stressed structure is stress has the familiar saddle shape PDF and
limited by snubbers or other clearance-limiting the positive peak stress envelope (the dotted
devices or if the vibratory forces are clipped, line) has an impulse PDF at a stress value of

S. Projecting this value of the envelope onto
All results utilize Miner's cumulative dam- the S-N curve gives a value of Ns as the number

age hypothesis. The relationships are based on of cycles to failure. LOG S
commonly available sinusoidal fatigue "S-N" S-AN1

curves. The sinusoidal fatigue data used in the IA
examples was obtained from Reference 1.
Scatterband effects in the sinusoidal S-N fatigue

Acurves are treated. The analysis covers the 00O

plastic Coffin-Manson [2] low-cycle life fatigue N, N

region as well as the elastic Basquin (21 high-
S ., cycle life fatigue region by assuming the stress

to be the "true" stress instead of the more INUOIDAL INSTANTANEOUS POSITIVE SINUSOIDAL FATIGUE
STRESS STRESS ENVELOPEURV

,.1 usual "engineering" stress. Which of the two PDF PDF

stresses is the stress that should be the basis Figure 1. Sinusoidal Fatigue (True Stress)
W
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There are two common definitions of dergo two stages of crack growth, then combine
stress, engineering and true stress. Engineer- into a macrocrack which eventually propagates
ing stress is defined as the applied load divided until the specimen fractures. Fatigue damage
by the original area. True stress is defined (3] is cumulating during the entire fatigue life.
as the applied load divided by the actual necked- Fatigue failure is the catastrophic fracture at
down area. The true stress is larger in value the end of fatigue life.
than the engineering stress.

Miner's hypothesis (81 quantitatively ex-
The stress in Figure 1 is taken to be the presses damage cumulation and relates it to

true stress in which case the material constant failure as follows:
A is equal to the true ultimate stress and the
slope B is equal to the Basquin coefficient for Ds = ; EDs= I at failure
the material. The S-N curve is a single line s (Miner's results)
[3, 4, 51 even though the corresponding strain- wherecycles to failure fatigue curve 12] is a double n s = number of stress peaks at level s~straight line on a log-log plot.

g Ns = number of stress peaks at level s to
If the stress is taken to be the engineering cause failure

stress, the sinusoidal S-N fatigue curve in the Ds = proportion of damage related to stress
Coffin-Mansgn low-cycle life regiorn (i. e., be- peaks at level s
low about 10" cycles for common structural
materials) becomes truncated (1] as shown in Define:
Figure 2. The horizontal truncation implies a P(s) = fraction of cycles occurring at
lack of cumulative damage in the low-cycle life stress level s
region which is not consistent with the Coffin-

Mansonota strain- trsscycles towihteCfn--Manson strain-cycles to failure fatigue curves NT total number of stress cycles to
in that same region. Therefore, the stress failure
will be taken to be the true stress for this
analysis. P(s) N ns =NTP(s)

TT
LOG S

Thus:
A S' AN Ds = NTP(s)/Ns

S Note: NT is a constant for a given value of rmso stress level.

-LOG N From Miner's hypothesis,

Figure 2. Sinusoidal Fatigue (Engineering t leve. [P(S)/Ns]dS
Stress) 0 0

The single line represented by thepower Therefore: !
law expression S = ANt represents the mean
value of a scatterband of empirical data points NT =
and is usually arrived at by a regression analy- T (2)
sis such as a least-squares curve fit. The data [P(s)/sjdS
points are Gaussianly distributed about the mean 0
value of stress and have a standard deviation
from the mean of approximately 5 percent in the Equation (2) is the key equation for the subse-
vicinity of the ultimate stress and approximate- q.ent analysis.
ly 8 percent in the vicinity of 10 7 cycles (near
the endurance limit for some materials) (6].

RANDOM FATIGUE CURVE DERIVATION

CUMULATIVE DAMAGE CONCEPT The purpose of this derivation is to obtain
a closed form relationship between the random

Fatigue microcrack nucleation (i.e., initi- rms stress and cycles to failure. A typicalation) occurs at only one percent of the total profile of a narrowband random stress process
fatigue life (71. Many small microcracks un- is shown in Figure 3. The instantaneous
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LOG a
a CN

(S) , NT LOG N

NARROW BAND INSTANTANEOUS POSITIVE RANDOM FATIGUE,
RANDOM STRESS ENVELOPE 0- N CURVE
STRESS, PDF PDF~~RMS 0

Figure 3. Random Fatigue

stress has a Gaussian PDF. The positive en- With the substitution z = S2 /2a 2 and
velope of the stress peaks (upper dotted line) x = (2 + j)/2 into equations (6) and (2),
has a Rayleigh PDF. The mode (i. e., the val-
ue of stress at which the PDF is a maximum) is NT = 1 = (8)
equal to the rms level a of the instantaneous D 2__1 .IPZ(2+)
stress. A stress level a has a corresponding A I -Z dz A
life of NT cycles to failure. Figure 3 shows the 0
desired power law expression similar to that of 1,6, -6

the sinusoidal S-N fatigue curve of Figure 1. N1 (9)
The stress peak envelope has a Rayleigh or

PDF as follows:

P s -, x for > 0 (3) +; 16 N 16 ( 0

P(s) = 0 for S<0
Equations (9) and (10) above represent the

From the sinusoidal S-N fatigue curve of slope expression for the random fatigue "a-N"# curve.
B on a log-log plot and with y-intercept (i. e., The a-N curve is of the same form as the cor-
N = 1) of A, the value for Ns may be obtained responding S-N curve and has the same slope
as follows: on a log-log plot.

i. 1I/B -

-N 1/B = S (4) Equation (10) can also be expressed as
follows:

where a= CNT-1/,

-: 1/B (5) where
B Air always posigtivle. [A __________
6 andAaealways ptivealu.r stress units

Note that A, B, and 6 are material constants.
The constant C is a function only of the true ul-

In equation (1), D s represents the damage timate stress A and 6 the negative reciprocal
PDF. If Ds is scaled by the constant factor of the slope of the sinusoidal S-N fatigue curve.
NT, the new function, defined as G(s), can be Both are material constants. C can be thought

thought f as a scaled damage PDF. As such, of as the true ultimate rms random stress,
it indicates how the fatigue damage is distribu- since it represents the y-intercept for NT tted as a function of stress, in equation (11) on a log-log plot. Figure 4 il-Da 1 1+s e-$2/2 2 hustrates equation (11) and compares this curve

'sG(s) = "s s APs (6) with the S-N curve of equation (4) for copper
VT RE= (6)T wire.

Then, from equation (2), Typical fatigue curve constants are given
NT in Table 1. This data was obtained from Ref-

G(s)dS (7) erence 1 by estimating the parameter values
using the graphs in Chapter 10.

57



TABLE 1. TYPICAL FATIGUE CURVE CONSTANTS

Material True Ultimate Basquin Slope = -1/B C
Stress. A Coefficient, B

(ksi) (Pa) (ksi) (Pa)

Copper Wire 81.9 5.65 x 108  -0.108 9.28 36.9 2.54 x 108

Aluminum Alloy
(6061-T6) 109.7 7.56 x108  -0.112 8.92 49.7 3.43 x 108

(7075-T6) 179.5 12.38 x 108 -0.104 9.65 79.9 5.51x 108

Magnesium Alloy
(AZ31B) 43.3 2.99 x 108  -0.045 22.37 13.6 9.38 x 10

301 Stainless

(3/4 Hard) 120.33 8.30x 108  -0.046 21.85 38.53 2.66 x 108

Wrought Steel
(SAE413OBHN267) 175.90 12.13 x 108 -0.057 17.54 61.91 4.27 x 108

Titanium Alloy
(Ti-8Al-1Mo-IV 176.36 12.16 x 108 -0.068 14.62 66.66 4.60x 108
Sheet)

Alternating Axial

Load

Soft Solder 7
(37%Lead, 63%Tin) 15.29 1.05 x 108  -0.102 9.85 6.740 4.65 x 10

G- 10 Epoxy
Fiberglass 80.94 5.58 x 108 -0.083 12.0,q 33.00 2.28 x 108

1000 6.89x pirical results. In Reference 9, it is stated

-. 108 that the ratio of S/u has a value of 3 or more
s f 1.9N KSI - 5.65 . 108 N " 08 P. for brittle materials and below 2 for very duc-

-. 108
' - 36.9N KSI=2.54 10

8 
N 

10  
P.o tile materials.

100 6.89, 0 S ANx/1 A

S AN11J6

- ~~ ~ CV~ d.91
6

o___ For Ns = NT = N, Table 2 shows several S/u1 0 7 6 . 8 9 I 1 0 P o

-- 1comparisons.

TABLE 2. S/u COMPARISONS
oo 6.89 x10Pa

102 103 5 4 6 1 o0 Material Ultimate S/u =A/C
N (CYCLES) Strain

Figure 4. Comparison of Fatigue Curves fbr C W)
Copper Wire Copper Wire 15 2.22

6061-T6 15 2.20
From equation (4), AZ31B 7 3.18

S = AN (13)
S It can be seen that the values of S/c are

approximately 2 for the ductile materials (fu
As a check on the anaiy±ical accuracy of the 15%) and approximately 3 for the comparatively
constant C in equation (12), the analyticallypre- brittle material (Eu = 7%). This data does not

"1 dicted ratio of S/'a can be compared with em- prove that this relationship applies to all mate-
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rials, but it does show good agreement with em- The above statistical properties of G(s) are lin-
pirical results for the materials checked. On early proportional to a and are functions only
this basis, the expression for C in equation (12) of the slope parameter 6i.
is considered to be reasorably accurate.

The statistical properties of the damage Table 3 lists typical parameter values. So
function G(s) in equation (6) can be shown to be and G s7 are very nearly equal. S O occurs at
as follows: about 3a for most of the materials shown. Re-

fer to equation (14). The AZ31B mode occurs
G(s) is a maximum at the mode So  at 4.8a due to its large value off6. The larger

the value of 6 , the more brittle the material
where (5]. The last data column (GS+2aG(s)) indi-

Mode S = o 1+0 (14) cates the value of stress beyond which very
0 little damage occurs. For most of the materi-

r[ als shown, this stress is approximately 5a.
(15)

s= 2 a The standard deviation of G(s) has a con-
stant value of 0.7a. The reason for this is not

aG(s) = standard deviation of G(s) known. Refer to equation (16). It can easily be
shown that:

2 27~ [T ~ (16) 2(A4 2
G(S) r(+~

TABLE 3. TYPICAL DAMAGE PDF CURVE PARAMETERS*

Material Mode G(s) +2 G(s)+2 )

s G(s) G~s

Copper Wire 3.21 3.28 0.7 4.7

Aluminum Alloys
(6061-T6) 3.15 3.23 0.7 4.6

(7075-T6) 3.26 3.37 0.7 4.8

Magnesium Alloy
(AZ31B) 4.83 4.88 0.7 6.3

301 Stainless -

(3/4 Hard) 4,78 4.83 0.7 6.2

Wrought Steel
(SAE 4130 BN 267) 4.30 4.36 0.7 5.8

Titanium Alloy
(Ti-8 Al- 1 Mo-IV

Sheet) 3.95 4.02 0.7 5.4 -fr~~~A lte rnating 
i '~~Axial Load 
,'

! ~ ~Soft Solder.:}

(37% Lead, 63% Tin) 3.29 3.37 0.7 4.8
G-10 Epoxy 

",
Fiberglass 3.62 3.69 0.7 5.1

All the values should be multiplied by o.
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For cG(s) = 0. 7o, the following must be true: FATIGUE SENSITIVITY

Using equation (9), the fatigue life NT is
F(a+ ) .r' (a) (17) sensitive to the rms stress as f lows:

where a does not have to be an integer. N= l( 2 ) (18)

Oddly enough, the above approximation is
valid. The approximation improves for large EXAMPLE:
ot. See Appendix C. 

°
2 2 ; =9.28 for copper wire

£71

EXAMPLE: 
Ni 29.28

Material: Copper Wire = 622

= 7 ksi = 4.83 x 107 Pa

= 819 kl = .65x 10 PaThus, a reduction in rms stress of 2:1 resultsA ==in an ivcrease in fatigue life by a factor of
= 9.28 622:1.

NT = 5 x 10 cycles (from equation (9)) PROBABILITY OF FAILURE
so =3.21a= 22.4ksi=.54x0 8 Pa F(N) = probability of a fatigue failure in

U157 =3.28a =23 ksi = 1.59 x 108 Pa N cycles

0 G(s) = 0.7o = 4.9 ksi = 3.38 x 107 Pa = probability that N > NT

R(N) = I - F(N) = probability of survival to
This example is illustrated in Figure 5 using N cycles = reliabilicy
equations (3) and (6). G(s) is similar in shape

to a Weibull PDF. Most of the stress peaks Since NT is a constant for a given value ofocu eo cweeltl aaej oei n o admvralIsPFi a m

occur below 2a where little damage is done in and not a random variable, its PDF is an i a-

that region of the S-N fatigue curve. The stress pulse function of unity value at N = NT. Note
peaks that occur above 5o are in the damaging that all failures will occur at N = NT.porionof he -N curve, but they occur so sel-domly that the net effect is one of little cumula- The results shown in Figures 6 and 7 are

stress n ae fho r m a se- curve by a line ofessentialw iLive damage. Most of the damage is done by due to the representation of the c-N fatigue

stress peaks between 2cr and 5a for this mate- curve by a line of essentially zero width. That
rial. is, the fatigue curves thus far in the analysis

SS 1
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FATIGUE CUPVE
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have not represented either a sca.terband in the treated as a random variable, which is the usual
rms stress a or it, the sinusoidal S-N fatigue case. The rms stress usually varies frompart
curves. These cases will be treated in subse- to part and subassembly to subassembly even
quent sections. though the applied vibration acceleration level

may not vary. Stresses vary due to dimen-
p (NT) sional and geometrical differences between

parts, fabrication and assembly, prncess vari-
ability, and structural damping and stiffness

0 N variations of adjacent structures.NT

From equation (9),
Figure 6. PDF of NT NT  Ke-"8 (21)

F(N) N(

where
NT N 

stress unit

NS9

Figure 7. Probability of Failure Curve T and a are random variables.

The PDF of NT can be expressed in terms
of the 1'-'F of ar as-Lollows [101 :

TIME TO FAILURE RELATED TO AVERAGE

NUMBER OF STRESS REVERSALS P(NT ) (22)

The average number of zero crossings per --

unit time for a bandpass process is 1101: where

2 -.8 (23)
A= 2f 1 1+- B f(a) NT Kc

12f- Let

There will be one stress cycle for every two p(f) T > exp
zero crossings. Therefore,

T(19) P(X) t 0 otherwise

N f= /1 IfB where
12fo 6 = standard deviation of rms stress

where a = average value of rms stress

fo = bandpass center frequency (Hz), which is a truncated Gaussian PDF. The trun-
usually resonant frequency cated area is removed because it is impossible

t = time to failure (seconds) to have a negative rms stress. The factor
to - at) in equation (24) is a scaling factor to

fB = bandwidth (Hz) compensate for the removal of at (see Figure8)

The second term under the radical is approxi- so that

mately zero, even for low Q systems aO

(Q f o/fB). p(a) d,= 1 (25)
0

NT  ot cycles (20)
T o 0

VARIABLE RMS STRFSS at = f p(a)dP = erfp (-a/6) r p ( w)
t~I I as, ,a0. Ou

In the previous case, A, 6, and a were - erp
treated as being fixed variables. a will now be P
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A

P(O) EXAMPLE:

IMaterial: Copper WireZ

L 0 a ~~K =2.41 x1042 psi =1. 01 x1078 Paf
o-TRUNCATED AREA fl=9.28 ; 1/,0 = 0. 108

Figure 8. PDF of rms Stress = 7000 psi = 4.83 x 107 Pa

where 6 = 1400 psi (±20%) = 9.65 x 106 Pa

al 2  Nmedian 5 x 106 cycles
erpa / y(6 The value of 6 = 20% of Uwas arbitrarily

0 chosen for illustration purposes. The resulting
AL r1 (-at) =-cr1 (a) curve of Figure 9 appears to be approximatelyp Gaussian (i. e., normal) when plotted as p(NT)

* cr (c,) 0.5 en(0)= 0versus log NT. A log-normal curve could most
p p likely be fitted through the curve of Figure 9.

However, equation (27) is not truly log-normal.
A Therefore, equation (22) becomes:

The median value of NT (ih e., the value
_______/__ 1,(27) for which F(N) = 0. 5) is 5 x 10 cycles. It

I would be expected by looking at Figure 9 that
T 86r- 1-a) TI the average value of N would have a value

2. ~~~close to but somewhatT~hrta h oea b
[ ~1K1

1/a~2 ~ 8 x 105cyls
I ~T) for N cyces

exp. T J W (30)
7=1 N p(N )dN1

p(NT 0 otherwise 04

This intbgral becomes infinite; _9T does not ex-
The above expression is plotted in Figure 9 for is.nttveyhsmanosemcrc.

the oppe wir exaple.However, it is shown to be true in Appendlix B;
primarily L*cause the moment arm NT in

2 1- equation (30) increases at a rate approximately
three times more than the area p(NT)dN de-

creases as NT is increased. Plotting pk01 I using a log scale for NT is somewhat mislead-
20 30 10 10 60 7 10 90 curve to fall off very slowly due to the low

N1 (CCLES)stress side of the PDF of the random variable

Figure 9. PDF of NT EIN

Tz

*F(N) =probability of failure in N cycles (28) 0 ----.----N0 1 2 3 4 5 10

F( =fN9 d (0) N1 (CYCLES) (107)
0 Figure 10. PDF of NT

NTof a sample is finite as follows:

F() 5 rfI!/N) 6  (29) 10O .
F(0)~~W_ 0 6~w x 1f N.pN)N, 610 7 cycles

F(N) =0, fo F (D) 1 ~ median ofN0

p(N dL-~f 
TA

A~ZA;6 T.- - AA *.6

F(N 0,5 fo N --mda o



TABLE 4. DATA FOR VARIABLE a
The sample chosen includes 99.7 percent EXAMPLE

of all failures. Data for Figures 9, 10, and 11 _/1__ 7
is given in Table 4. NT P(N F(N)

.0(cycles)____________

0.5 2.8 x 10 - 9  2.7 x 10"

104  4.8 x 10- 3  9.2 x 10- 7

o1o1 103  1o4  1os 111 I1o7  1o8  10"
2 x 1O4  0.05 2.4 x 10- 5

5..00S6

N (CYCLES) 5 x 10 4  0.40 6.6 x 10 4

Vigure 11. Failure Probability (Variable ai) 105 1.05 4.3 x 10 3

The probability of failure F(N) in equation 2 X 105 1.77 1.9 x i02
(29) is plotted in Figure 11 for the example. 5
This curve shows that most of the failures oc- 5 x 10 2.04 0.08
cur between 105 and 10 cycles. The median. 16 1.63 0.17
of cycles to failure is a more useful variable
than WT when using equation (29). 2x10 6  1.04 0.30

All probability distribution functions have 5 x 106 0.43 0.50
the same general shape as that shown in Figure
11 but are quite different from each other in de- 107 0.19 0.64
tail. These differences are more apparent 2 07
when the curves are plotted on probability 2 x 10 0.07 0.76
charts of various types instead of the linear
scale as in Figure 11. F(N) curves have sub- 5 x 107 0.02 0.86
stantially different shapes when comparing dif-
ferent load types such as increasing sinusoidal 108 6.0 x 10- 3  0.916
step-stress, decreasing step-stress, up and
down step-stress, and random (11, 121. A good 2 x 108  2 x 10-  0.949
test of the suitability of equation (29) would be
to compare its shape with empirical data. The 5 x 108  4 x 10 0.975
empirical data of Freudenthal and Heller [121
as referenced in [ll is shown as the dotted line 10 1 x 10- 4  0.985
in Figure 12. The solid curve is a plot of equa- 106097
tion (29). The actual values of " and 6 were 102 x 10 0.997
unknown. T was chosen so that the curve had
a median value of N = 2 x 105 cycles. 6 was
chosen so that the curve passed through F(N) = .99
0. 15 for N = 10 5 cycles. The remaining points .MPI.. CAL

on the curve are constrained to follow equation EMPI-ACUL

(29). Equation (29) appears to have the same CA .0CULAT
shape as the empirical data. A choice of 6= 0 .30o°" 86% of " is reasonable 16 where the standard de- 20 - 22.5 KsI -1.5 . 108 P.

.10 - . 4 KSI 9.65 x 106 P a

viation of the scatterband varies from 5% to8% .05 (6% of . )
for most structural materials. o .02

Z .005

SCATTERBAND FATIGUE CURVE 6. .. 96, i(VARIABLE A) 6 8 10 2 4 6

N - CYC LES TO FAI1LURE

The S-N curve is typically not a single line
but a wider scatterband of failure points. Thr-
single line usually represents the average. The Figure 12. Fatigue Life of 7075-T6 Aluminum
scatterband of points can be represented by Alloy under Random Loading 4
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letting the constant A in equation (9) and Figure It will be noted that the results for variable
1 become a random variable. a and A as shown in Figures 11 and 13 respec-

tively are very similar. This is because both a
From equation (9) and A shift the random fatigue curve up or down

18 Has they vary rather than change the slope. How-T ever, the causes for the shift are entirelydiffer-
ent. Variances ina, as described earlier, are

where due to dimensional and goometrical variances
or assembly variability. Variances in A are due

H stressunits-.8 (31) to basic material property variances betweenf I I lots as would be expected by variances in cold
working or quenching and tempering.

In a fashion similar to that for variable a in
equation (22), let '.0

p(A)1 e-(A - )/2 2  (32) 20.5

0
fo 010 10 106 108 log

p(A) = 0 otherwise X 10 6

where N (CYCLES)

= average value of A Figure 13. Failure Probability (Variable A)(33)
A = standard deviation of A

I -aT 0.5 + cr1 (7JA) Quenching and tempering variances will. ealso cause variances in the slope parameter fl.

N (1/f)- 1 The transformation for variable 0 is consider-
(NT 1 1 T) ably more difficult mathematically than forT-':aT PHA variable a and A. Refer to equation (22). Var-

iable fi will not be treated at this time. While
(N 1 2 ] not entirely accurate, the effects of variable f#

T - I can be included in an analysis by increasing the
exf------- - standard deviation of A.

24 J
for Nw  STRESS LIMITING

p(NT) 0 otherwise Stress limiting (i. e., clipping) can occur
if the motion of a structure is limited by snub-

N bers or other means of limited clearance or if
F(N) = fp(N,r) dNT (34) the vibratory forces are limited. The stress0 envelope PDF P(s) of Figure 3 will be modified

as shown in Figure 14. The impulse function
11r at S Lis equal in value to aL.erf " i) A +erfI /,4 '

0F(N) = . +erf[ aL = fPsd 2 2 (35)

EXAMPLE: L

Material: Copper Wire

a =7 ksi =.83 x 107 Pa LIMIT LEVEL OF STRESS

A=81 9 ksi =5.65x 108 Pa PS 1  1  a
8 L~

A = 16.38 ksi (E20%) = 1.13 x 108 Pa 11i1
-39H= 1.27 0 psi- .8 3.01 x 10- 7 5 pa ft

(See equatio.. (31))

r/ - ef =r5 ; =0.5 Figure 14. Effect of Limiting on P(s)
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Equation (2) is modified as follows: Y(5.64, 2) 0.03 which corresponds to

N-__-(36) F(5.64) 97% of the PDF G(s) in
NTL Figure 5 being limitedfP(s)/N dS +a'=

j s S- L N =165x 106
,T (0.512 +1.029) x 10 -8 cycles

aLs I T-- Compared to 5 x 106 cycles for no limiting, the

SIS=L above value for NT represents an increase in
fatigue life by a factor of 13. Other limit levels

L (37) have been analyzed with the results tabulated in
Lf (7 Table 5.

[P(s)/Nr]d 2aJ fzx- e-Zdz
1 -t

0 o Table 6 shows the effect of limiting on
fatigue life for AZ31B magnesium alloy. The

where limit level must be raised to approximately 6a
in order to have no effect of limiting. This

12 + ' corresponds to the location of the PDF G(s)T -where no damage is being done. Refer to Table
3. Stress limiting in the tails of the stress

L 6 x, peaks has a pronounced effect on fatigue life.

o TABLE 5. LIMITING EFFECT ON FATIGUE

LIFE FOR COPPER WIRE

Y(x, T) is the Incomplete Gamma Function Limit Fatigue*

Note: v (x, wo) = F(x) Level Life NT '  N
L/a (cycles-

Therefore, the random "a-N" fatigue curve can
be obtained from the following expression: Co 5 x 106

N 1 (38) 4 5.4x106  1.08
TL 1 1 T1 [hf 3 9.3 x 106  1.86

The ratio of fatigue life with limiting to that 2 65 x 106 13.0
without limiting is as follows: FNTL (X) 39)For a =7 ksi = 4.83 x 107 Pa

NTL _ Fr(x) (39)
NT Y(-, T) , T#T'e"T  TABLE 6. LIMITING EFFECT ON FATIGUELIFE FOR AZ31B

This ratio is independent of rms stress a but Limit NTL/NT
does depend upon the material slope parameter L/4
63.

EXAMPLE: 0)

Material: Copper Wire 6 1.04

a = 7 ksi = 4.83 x 107 Pa 5 1.46

L=14ksi9.65 x 107 Pa 4 5.90

L/a =2; T=2 3 178

-5.64 DOUBLE SLOPE S-N CURVE 1

7(5.64, 2) = 1. 67874 Many materials exhibit a double slope as
F(5.64) = 65.7133E shown in Figure 15. The break point occurs in I
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LOGSAN 10 The random fatigue curve endurance limit
F SANis the value of a that makes equation (42) have

s-s. an infinite value. In the strict sense, this oc-
se curs only for a = 0. In the practical sense,

S - A.N"/O this occurs for a larger value of a.

LOG N
Table 7 shows the extension in fatigue life

Figure 15. Double Slope S-N Curves for two materials with different values for$.
This data indicates the presence of an endur-

t7 cycles, Some materials have ance limit for the random c-N fatigue curve that
the vicinity of yis approximately 15 percent of the correspond-
an endurance limit (S = Se) below which exists ing endurance limit for the S-N curve. This is
Infinite fatigue life. The endurance limit isnot ans endurae ii Fore S c. Th is is
always achieved. Some specimens are not suf- also illustrated in Figure 16. The upper edge

of the shaded area is for 0= 9.28 and the lower
ficiently polished to remove slight surface flaws edge is for 6 = 22.4. The dotted line is the
(i.e., stress raisers). Other specimens may a-N curve assuming the material had no endur-
be stressed in a corrosive environment (e.g., ance limit. However, the random fatigue curve
high humidity). These effects will tend to re- endurance limit is too small to be of great prac-
duce fatigue life above the break point. It will tical value.
be assumed that such a reduction can be repre-
sented by a straight line on a log-log plot of
slope parameter 00. 1o

Equation (2) becomes:
~S,

N .. .. .(40) A-

e 0 0.1
0.01 U-N /O.S

ENDURANCE LIMIT CASE (S = e) o.o, ' YLES Ite LOG N (CYCLES)

The first integral in equation (40) has a
value of zero because Ns = o. The second in- Figure 16. Random Endurance Limit
tegral is the Incomplete Gamma Function
Q(x, T) which is related to both F(x) and
Y(x, T) as shown in Appendix A. Equation (40)
becomes: TABLE 7. RANDOM FATIGUE DATA

(41) WITH ENDURANCE LIMIT
NTSe 0 x- -Z dz NTS e/NT

A 1 2/
e  Ductile Less Ductile

S Material Material

(0=9.28) (0=22.4)

NTSe = a I :e Z  1.50 1.00 1.00

A1inn Y .00 1.00 1.00

0.50 1.03 1.00
The existence of an endurance limit will extend
the fatigue life somewhat because Q(x, T) is al- 0.25 6.44 1.00
ways smaller in value than F(x). Refer to 0.20 93 2.34
equation (8).• °, : o0. 15 O 163

.',<. NTS 12&~.' '42
42)e 0. 12 O O

4 ~~~ NT r(2 -fi 1v(2 j6), (I cS)J 0.10 O_______ OD______
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-1/po tigue expression. The random and sinus-
DOUBLE FINITE SLOPE (S = A N oidal cur as have the same slope and differ

only by a constant term. The sinusoidal
In equation (40), let fatigue curve constant is the larger of the

s 18 S 2 two by a factor of approximately 2 for duc-
A= 0  Gk'2 '1\ ( ) (43) tile materials and approximately 3 for

1 0  I ibrittle materials. This is in agreement
[ 2 _l , +f Sewith empirical res,1"1 .

I2 r /'(3-i)'-v ) '( o-ijj 3. A mathematical expression for the damage

Se probability density function is derived. It

NT is somewhat similar in form to a WeibullT 11+k 12function. The derived expression shows

Refer to Appendix A for evaluation methods, that most of the damage is done by stress
peaks which have an amplitude between 2

Equations (41) and (43) represent the ex- and 5 times the root-mean-square (rms)
pressions for the random a-N fatigue curves, stress. The statistical properties of the
The relationship between a and N is not as sim- damage function are dependent only on the
ple as the power law expression for the single rms stress and the slope of the sinusoidal
slope case. fatigue curve.

The random fatigue curve should fall be-The andm ftige crveshold allbe- 4. The following mathematical approximation
tween the shaded region and dotted line of Fig-
ure 16; namely, between the ones for materials was uncovered:

with and without an endurance limit. I+u)Jr~c + 2) --- I - Z

STATIC STRESS ADDITION where rdoes not have to be an integer.

It has been proposed by Professor Jo Dean 5. Expressions are derived for the probability
Morrow (31 of the University of Illinois that a density and distribution functions of the
static (i. e., mean) stress a o superimposed on number of cycles to failure for the cases of
a completely reversed cyclic stress be included a variable rms stress and a scatterband fa-

in the Coffin-Manson strain fatigue equations by tigue curve. These expressions are useful

subtracting the static stress from the true ulti- for predicting mechanical reliability and

mate stress. This is equivalent to using a agree with empirical results.

Goodman diagram with the engineering ultimate
stress replaced with the true ultimate stress 6. Stress limiting at approximately 3 times
(41. the rms stress extends the material fatigue

life by a factor of 2 for ductile materials
By inductive reasoning, it is proposed that and several orders of magnitude for brittle

the static stress be subtracted from the true materials.
ultimate stress (defined as A in this paper) for
static plus completely reversed random stresses. 7. The random fatigue curve has been found to

have an endurance limit if the sinusoidal
fatigue curve has one. However, it is too

CONCLUDING REMARKS small (approximately 15% of the sinusoidalCONCUDIN REMRKSendurance limit) to be of great practical

1. The analysis covers both the low-cycle life value.
and high-cycle life fatigue regions by treat-
ing the stress as the "true" stress instead 8. is p

stress to the random stress be treated byof the more usual "engineering" stress. A subtracting the static stress from the true
different random fatigue curve in both the uti te stress e o thi tuj
low-cycle life and high-cycle life regions ultimate stress in the equations in this

' results for each of the two types of defined paper.

stress.
9. The "median" number of cycles to failure

2. The reaulting closed form analytical ex- (i.e., the value for which 50% of the cumu- LC
pression for random fatigue of a material lative failures have occurred) is a more
is of the same mathematical power-law useful statistical parameter than the "aver-

form as the corresponding sinusoidal fa- age" value when analyzing random failures.
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SYMBOLS rms root mean square

A material constant; true ultimate stress S sinusoidal stress amplitude

average value of A Se  endurance limit

Ao  S-N curve-intercept parameter So  stress at mode of G(s)

aL area of PDF being limited T parameter of stress limiting

at area of PDF being truncated t time to failure

B material constant; Basquin coefficient; x material constant; a function off

slope of S-N curve y a dummy variable

C constant of random a-N fatigue curve z a dummy variable

D s  proportion of damage related to stress S 0 general variable

E{ } expected value of ) f negative reciprocal of B

erfp error function defined by Papoulls (101 0 S-N curve slope parameter

F(N) probability of failure in N cycles F(x) gamma function

fB bandwidth Y(x, T) Incomplete Gamma Function

fo bandpass center frequency A standard deviation of A

G(s) scaled damage PDF 6 standard deviation of a

G s) average value of G(s) Eu ultimate strain

H constant; function of 6 and a A average number of zero crossings per

I integral unit time

K material constant a rms stress level

L stress limit level average value of

N number of stress cycles G( standard deviation of G(s)

Ns

NT REFERENCES

NTL number of stress cycles to failure 1. Steinberg, D.S., Vibration Analysis for
Electronic Equipment, John Wiley and Sons,

NT1 1973.
NT2 2. Coffin, L. F., "Fatigue at High Tempera-

N T  average number of cycles to failure ture- -Prediction and Interpretation,"
General Electric Technical Information

NTSe number of stress cycles to failure Series Report 74CRD066, April 1974.
Ni number of cycles to failure at stress 3. Tucker, L.E., Landgraf, R.W., and

level a, Brose, W.R., Proposed Technical Report

N2  number of cycles to failure at stress on Fatigue Properties for the SAE Hand-
level a2 book," Course Notebook, The Modern View
ns e eof Fatigue aid Its Relation to Engineering

ns  number of stress peaks at level S to Problems, Section 9, Union College Tech-
nical Institute Program, Schenectady, New

P(s) York, July 1975.

P(NT) probability density functions 4. Dowling, N. E., "Fatigue Life and Inelastic
Strain Response under Complex Histories

• for an Alloy Steel." (Doctoral Thesis, De-

' p(O) probability density function of the gen- partment of Theoretical and Applied Mech-
eral random variable 0 anics, University of Illinois, April 1972),

Q(x, T) Incomplete Gamma Function Course Notebook, The Modern View of Fa-
tigue and Its Relation to Engineering Prob-

R(N) probability of survival to N cycles lems, Section 21, Fig. 8, Union College
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Technical Institute Program, Schenectady, Table 3-1 on page 64 of Papoulis [10] lists val-
New York, July 1975. ues of erfp(a) for 0.05 < O < 3.00. erfp(a) A

may be approximated a curately for a > 0 as
5. Solomon, H.O., "Materials for Fatigue Re- follows:

sistance," Course Notebook, The Modern 1

View of Fatigue and ts Relation to Engi- Define t == T+77.2316418-0t
neering Problems, Section 28, Union Col-
lege Technical Institute Prgram, Schenec- aI =0.2548296
tady, New York, July 1975. 4 -0. 2844967

6. Haugen, E.B., and Wirsching, P.H., a3 = 1.421414
"Probabilistic Design (Part 3)," Machine
Design, May 15, 1975. 4 = 1. 06141I ~ ~~a5 =I 64

7. Henry, M. F., "Crack Initiation and Early2
Growth in Low Cycle Fatigue--A Progress ef() ii-at+at 2 

+a
3 at 4 + a 5  d1/2

Report," Course Notebook, The Modern P 1 2
View of Fatigue and Its Relation to Engi-
neering Problems, Section 2, Union College EXAMPLE:
Technical Institute Program, Schenectady, en (0.8065293); ci = 0.8065293
New York, July 1975. efp (.059) t0 059
•t = 0.8425835677 14

8. Miner, M.A., "Cumulative Damage in Fa- 0 5
tigue,1. Trans. ASME, Vol. 67, A159, erfp = 11 - (0.581352028)(0.7223505)

9. Booth, G.B., "Random Motion," Product erf (0.8065293) = 0.290300265

Engineering, November 1956.

10. Papoulis, A., Probability, Random Vari- GUF rO D-1Zdz

ables, and Stochastic Processes, McGraw- GION F(a) z e !

Hill Book Co., New York, 1965.
11. McClintock, F.A., Random Vibration (S. Table 6.1, page 267, of Abramowitz [131 4

Crandall, editor), Chapter 6, "Fatigue of lists values of F(c) for 1 < ce < 2. For random

Metals," Technology Press of MIT, 1958. fatigue ce = (2 +#)/2 will begreater than two.

12. Freudenthal, A.M., and Heller, R. A., The following expression can be used recur-

Fatigue in Aircraft Structures, pp 146-177, sively:
Academic Press, 1956.

13. Abramowitz, M., and Stegun, I., Handbook EXAMPLE:

of Mathematical Functions, National Bur- 1-(5.64) = 4.64 P (4.64) 4.64 x 3.64 r(3.64) ...
eau of Standards, June 1964.

14. Kreyszig, E., Advanced Engineering Math- F(5.64) = 4.64 x 3.64 x 2.64 x 1.64 F(1.64) -
ematics, 2nd ed., John Wiley and Sons, F(1.64) = 0.898642
1967.

Therefore

APPENDIX A F(5.64) 65.71339

NUMERIC AL METHODS INCOMPLETE GAMMA FUNCTION V(x, T)

ERROR FUNCTION erfp(cT
y(x, T) = zXle'Zdz

a- 2( 2 0
erfp(1) 7r

'
f 

d y  On pages 940, 941 of Reference 13,

erfp(0) = 0 ; erfp (c) 0.5 where(X' T) = F(x)( - P(X2 1v)]

erf (-a) - erfp () X2 =2T V=2x
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EXAMPLE: andi

ico

y(5.6 4 , 8) = F(5.64)(1 - P(16111.28)] - K1' -1/ K / -- N Al
n. fN exp - 2 i

From Table 26.7, pp 978-983 of Reference 13, 106-o 2N
P(16111.28) =0 510

( =0.1551608 The value of No may be chosen large such that

Therefore, _ «(K/Iqo) 11, <<
y(5.64, t) = 55.517

Then

RELATIONSHIP BETWEEN GAMMA 7 K 1/ f t exp[ . 2/2 62] O N "I/1 dN

O T 0DN
X-1~~ X-1 -z 1zfzXe'dz fze'd z If N is chosen to be 101 cycles, -1 = 5x108

0 0 T ycFes as determined by numerical integration;

or correspondingly ni is finite. -nbeconies proportional to the
following integral:

r(x) =Y(x, T) + Q(x, T) CD-.O)

f' -1 1 dN iN '
where Y and Q are Incomplete Gamma Func- No 1 - 41
tions. Thus,

Q(x, T) = r(x) - V(x, T) For structural materials, B > 5. 6 is always,4

positive. Therefore, the term

APPENDIX B

NT EVALUATION is always positive. Thus, N raised to a posi-

tive number increases as the value of N in-
This Appendix is included to show that the creases. The value of the above integral at the

expression for NT is infinite. NT of equation upper limit is infinite.
(30) is as follows:

does not exist.

TF - N exp[-NWf z dN66.4270 26

APPENDIX C
The above expression was numerically inte- GAMMA FUNCTION APPROXIMATION
grated from N = 0 to N = No. As No was ro-

gressively ed from a value of 10 , 1011, It was observed that the value of aG(s) in
101, and 101 cycles, it was observed that equation (16) was independent of the value of f
NT kept increasing and gave no indication of for 8.(92 < i < 22.e37. That is,approaching a finite limit.

' (1/1F-2) o
Let 0 G(s)

9T = n, + a) This implies that
where

N ex0 dN

"r 2 VTd See equation (17).
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Equation (16) may be rewritten as follows: There is no known exact closed form solution
for noninteger values of ce* Equation (17) is

rquite accurate for o > 2 as canbe seen from

2 2o 21 a ~ a Table C-i1.

where

c(2 +,8)/2 TABLE C-1. APPROXIMATION ACCURACY

Therefore

1 (7)1 Percent
* I~+. Difference

forot >1 1 0.886227 0.866025 2.28 1

a need not be an integer.
2 1. 329341 1. 322876 0.49

it can be shown from Euler's Beta Function
[141 that 5 2.180949 2.179449 0.07

r~a~ T (2ar- 1) 10 3. 123011 3. 122499 1. 64 x 102

whre=1 ,3 .. 20 4.444275 4.444097 4.00 x10
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Discussion

Mr. Swith (Bell Aerospace): I think you implied Mr. Kana: In part of your analysis you used a

that the effective limiting was independent of Rayleigh distribution for representing the peak
the spectrum of the stress that you had whether for the process, and that in itself states some
it was narrow band or broad band, or at least kind of limitation on the bandwidth so you would
I didn't hear you qualify it at all. There have to relate it through that parameter I
surely must be an effect. Second you implied suppose.
an ability to extend the results to a broadband
process, you sort of talked about a narrow band Mr. Lambert: Yes, you would. I have worked in
process first and then you talkad about the a radar systems where wa had a center frequency
effect of having two peaks, or two peaks in the at 30 megahertz and a bandwidth of 10 megahertz
spectrum, and then you said you can add them; and that is still a narrow band process; when
there must be some limit, ultimately you can't you envelope the detect going from ir frequen-
even define what a stress cycle is if it is cies to video frequencies you still get a
bLuadlua-,. Rayleigh distribution as long as your amplifiers

can handle the dynamic range. You are right
Mr. Lambert: The broadband process that I refer there are limitations.
to is what I would call two disjoint narrow
1,and processors, like filters ringing at their Mr. Stahle (General Electric): How would you
resonant frequency. I wouldn't call that a consider your results to be applied to acceler-
broadband process. To me a broadband process ated testing if you had to define some sort of
is one where the power spectral density would a relation between the g level and the time?
go from roughly DC to a very high frequency.
These are narrow band processes that I have Mr. Lambert: I discuss stress sensitivity in
described. the wtitten paper and it turns out that the

ratio of the number of cycles to failure at
Mr. Smith: If the process is more than a different stress levels on the curve, because
narrowband it becomes difficult to define the of logarythmic relationship is equal o the

meaning of a stress cycle. inver.e ratio of the RMS levels raised to the
B power. In the case of copper wire it says

Mr. Lambert: This is what I think is an effec- that if you can reduce your stresses by a fac-
tive number of zero crossings and you can still tor 2 to 1 we will increase the fatigue life
use this expression. The reason you can use by a factor of 628 1 think. This says that it
it is because energy is additive and so are the is very sensitive to stress and not so sensitive
autocorrelation functions and their second to the duration of the test. So if you want to
derivitives; in his book Poupoulos has a fairly accelerate the life test you increase the stress
good treatment of this. You said that I implied by 2 to 1 and you will cut the life down by a
that the limit level, the extension of fatigue factor of that ratio raised to the B power.
life, was independent of the RMS stress. It is!
a function of the ratio of the limit level to Mr. Stahle: In Harris and Crede's Shock and
the RMS stress so indirectly it is related to Vibration Handbook they have something on the
the RMS stress but not per se. It is a function order of a cubic relation and it seems as if
of the ratio, like are you limiting it to twice you have a quite different form.

the RMS level?
: s

Mr. Kana (Southwest Research Institute): This
question is related to the second of the pre-

vious -two questions. Can you state a maximum
bandwidth at the half power point beyond which

this analysis would not be valid? Or how narrow
does the bandwidth have to be?

Mr. Lambert: In the first case I had a ter in

in one of the equations, the bandwidth (Fb)
divided by 12 (Fo) which was insignificantiiicompared to one even for low Q systems. This
says that you are really independent of the
bandwidth. There are some other conditions,

which I didn't memorize and I can't cite them
exactly as to what constitutes a narrowband
process but I do know that if you look on page
495 of Poupoulis' book he defines a narrowband

process.
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RANDOM VIBRATION FATIGUE TESTS OF

WELDBONDED AND BONDED JOINTS

F. Sandow, Jr., 0. Maurer

AIR FORCE FLIGHT DYNAMICS LABORATORY
r' WRIGHT-PATTERSON AIR FORCE BASE, OHIO

I4

This paper presents the results of a series of random shaker experi- £

ments, which were conducted with test articles consisting of thin beams,~fastened to a simulated stiffener by the weldbond process, using a so-
called spot-weld etch surface preparation treatment, and similar test

articles manufactured by the metal bond process, using a metal bond (FPL)

etch surface preparation. The test procedure is discussed. To establish

base line data, a series of riveted samples of the s me basic dimensions
were also tested. Fatigue curves in the range of 10 to 10 cycles were

established for skin thicknesses of .032 inch and .040 inch for each of
the three joint constructions. Results are also compared to fatigue data

obtained elsewhere.

with simple weldbonded and bonded joints simu-

INTRODUCTION lating those of aircraft structures were con-

ducted as a first step of a more comprehensive
The random vibration testing of simple investigation. The prime purpose of these

structural joint samples for the purpose of tests was to obtain basic comparative random

generating random fatigue design data For air- fatigue data between the two joining processes

craft structures has become an accepted prac- and conventionally riveted joints. A second

tice. The resulting information is applied to purpose was the generation of random stress-

supplement data obtained in acoustic fatigue cycle curves which together with simultaneously

tests conducted with larger and more compli- conducted acoustic fatigue tests will result

cated aircraft structuralcomponents excited by in acoustic fatique design data for these

acoustic noise fields. Although there exist structural Joining methods.

significant differences in the two. types of
tests, where the simple joint specimens are TEST DESCRIPTION
usually excited and responding in a narrow fre-
quency band, while in an acoustic fatigue test TEST SAMPLES

a broadband excitation is applied, various
investigations have shown that in many cases The random fatigue tests were conducted

these differences become neglibible. Refer- with sixty test beams or coupons. These were

ences 1 and 2 show that when stiffened air- fabricated with thin clad and bare aluminum

craft panels are excited by acoustic noise one aircraft sheet material which was joined in

mode frequently predominates the response the center to an angle which simulated a typi-
spectrum and therefore the problem can be cal panel stiffener. The basic construction

treated as a single degree of freedom dynamic and dimensions of the test articles together
system. Most of the available sonic fatigue with strain gage locations are shown in Figures

design methods, for example References 3, 4, 1 and 2.
and 5 are based on this proposition. From in-
vestigations, References 6 dnd 7, which inves- The joining of the angle stiffeners was
tigate the fatigue caused from multi-modal and accomplished by two processes which have

broadband responses versus single mode res- recently received wide interest for possible
ponse, it can be concluded that random fatigue application to aircraft construction. The
data obtained with a narrow band excitation of weldbond prccess combines metal bonding and

a single mode are slightly conservative when spot welding and in the usage applied here pro-

applied to structures responding in a multi- vides for a high quality spot weld by sacrific-
modal or broadband fashion. Based on this ing some of the bond properties. Details about
background a series of random vibration tests the process are given in References 8 and 9.
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The metal bond process which was applied in the
purely adhesively bonded test articles has /

already found some application with slight mod-
ifications within the aircraft industry. Spec- A
ifications of this process are given in Refer-
ences 10 and 11. In order to directly compare
the random fatigue properties of these joints A
to conventionally riveted construction riveted
specimens of otherwise identical configuration ,
were included in the test.

A detailed listing of the test articles
which were used is as follows:

a. Ten .032 inch and ten .040 inch
thick samples constructed of clad 2024-T3 alu- .. ."
minum joined by 3 rivets eq-ially spaced along
the center line of the stringer.

b. Ten .032 inch and ten .040 inch "'

thick samples constructed of clad 2024-T3 alu-
KI minum joined by a weldbond process using a

"spot weld etch" surface preparation, three FIGURE 2 TEST BEAM WITH BONDED STIFfNER

equally spaced weld spots along the center line
and the Whittaker X6800 adhesive.

c. Ten .032 inch and ten .040 inch
thick samples constructed of bare 7075-T6 alu-

minum joined by a bonding process using FPL TEST SETUP
etch surface preparation, Bloomingdale FM137: adhesive, BR127 primer and a .006 inch thick For the test the coupon was clamped and

adhesive layer. bolted on the lower edge of the stiffener into
a fixture mounted on an electro-mechanical

trict quality control was applied during shaker. With this mounting the beam could be -'
construction of the test specimens and they excited to respond closely in symmetrical
were also inspected afterwards for possible modes where the highest stresses would apper
irregularities in the adhesive. It was found in the edge of the bond. Each sample was
that in a few joints small voids near the adhe- tested in three phases. First, the natural
sive edge existed. These were expected to frequencies and modes were determined by a low
yield some additional information as to the level constant acceleration sine-sweep. The ,
possible effect of small bond irregularities strain levels were kept extremely low in order
on the random fatigue of the joint, to prevent any significant accumulation of .
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fatigue damage during these preliminary exper- contain its maximum power within a bandwidth
iments. The outputs of all strain gages were covering the synnetrical response and the
plotted-by an oscillograph. This allowed the lower frequency coupled mode. It was also
determination of the presence of beam tor- considered desirable to extend the excitation

sional modes and provided initial information bandwidth to at least 5 response bandwidths
of the strain and deformation distribution in above the symetrical mode and 3 response band-
the vicinity of the joint and the stiffener. widths below the coupled mode. In most cases
A block u.agram of the basic test setup for this minimum requirement was exceeded. Only

this phase is shown io Figure 3. during the high strain tests the minimum exci-
tation frequency range was approached. A typi-

The second step in .ne testing was the cal excitation spectrum is shown in Figure 5. A
determination of the damping coefficient in The corresponding strain response spectrul inord,:r to obtain initial comparative infoma- Figure 6, as measured near the stiffener edge,

Lion on the fatigue properties of the three shows the major excited mode with the associ-
types of ,joints being i,,vestigated. The ear- ated coupled mode. Also, a very small contri-

lier test setup was used, vhere the logarith- bUtion of the low frequency first mode is vis-
mic ojcre,.-nt or decay mechLd was applied to Ible.~determinc the damping (.)efficient.
eA few of the beams wtre tested by excit-

The random a.igue test was conducted ing the first mode in the same fashion as des-
with a general setuo a-- shown ii igure 4. cribed. This was done in order to determine

The Test conditions were established by con- whether the stress distributions at the joints
trolirlo the flexure rms strain level on top were significantly different in the twu types
of t e beam ne.r the right angle edge of the of responses to influence the fatigue proper-
stiffener (strain gage Ner 3, Figure 1) and by ties.
.eepirg this strain love. constant until com-

plete faiiur of the sample occurred. In most The number of cycles to failure required

of the tes, article, the second symmetrical for the establishment of the stress-cycle S-N
mod" wes p-inarily c;cited which was coupled curves was determined initially by countinig the
to a weak stiffener wa-ping mode. This was average number of zero crossings to failure and A

done by shaping the excitation cpectrum to dividing this number by two. It was later
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weldbonded coupons the same symmetrical behav-
ior in the strain time histories was observed,

N while in the riveted coupons in the vicinity
of the stiffener support the strain response
appeared to be unsymmetrical. On top of the
beam in the vicinity of the rivet line the
compressive strain was predominating, while
near the support edge a higher tLnsile strain
was recorded. This effect which was limited in
extension over the stiffener supported area was

10 2o Soo 40 deduced as being caused by a reduced support
"'OuCNCY. & area during the upswing half cycle and an in-

creasing support area during the downswing.
FIGURE 6 - TYPICAL RESPONSE SPECTRUM, .040 INCH This resulted in the highest compression nearWELDBONDED SPECIMEN (1 Hz BAND- the rivet line during the upswing while during

WIDTH) down ,ing the highest tensile strain was ex-
perienced near the edge of the support. This
effect was also found during later random vib-
ration tests.

found thaL multiplying the average response
frequency by the total time to failure yielded All beams appeared to be well balanced and
almost identical results. The straight line no torsional or twisting strains were discov-
approximation for the fatigue curves was ered.
obtained by a least square fit of the test

data. During each test the progress was mon- The strain responses in all coupons as
itored continuously on a dual trace oscillos- measured in the stiffener were significantly
cope, a rms digital analyzer and a real time smaller in magnitude than those in the actual
spectrum analyzer using a one Hertz analysis beams 6hich were highest near the support edge.
bandwidth. Frequent data samples were re-
corded for further detailed data reduction and In all eleven strain gage locations a
analysis. resonant mode was always noted to be character-

ized by a preceding smaller resonant peak fol-
RESULTS lowed by a significantly higher response peak.

This modal behavior was interpreted as the
SWEEP AND DAMPING SURVEY coupling between the stiffener warping and beam

bending modes. The frequencies at maximun res-
:. During the frequency sweep tests one dif- ponse in these coupled modes were selected asI ' ference in the general strain response brhav- the modal resonant frequencies. Averages of

4" ior between the six sets of coupons was these within the sets of test articles are
noticed. At all strain gages in the hinded and listed as foillows:
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FREQUENCY FREQUJENCY - .F----

FIRST MODE SECOND MODE -

.032 inch riveted 32 Hz 204 Hz

.032 inch weldbonded 34 Hz 206 Hz

2
.032 inch bonded 33 Hz 206 Hz .2 SEC.

FIGURE 7, RIVETED COUPON
.040 inch riveted 39 Hz 239 Hz

.040 inch weldbonded 43 Hz 270 Hz -7

.040 inch bonded 43 Hz 260 Hz

Small variations from these zverages were
observed. A comparison between the riveted and q "
bonded or weldbonded coupons indicates a -. _ _- - _
slightly higher stiffness in the bonded or 4 -- ..-
weldbonded beams. No significant difference in 2 sEC
magnitude of the average response could be I FIGURE 8 WELDOND COUPON EFORE FAILURE

noticed during constant acceleration 
sweeps be- F

tween individual beams of equal thickness.

The damping measurements indicated small WEE _
differences in the average damping propertias -.
between the different joining methods. Thus
the riveted articles showed the highest damping 0
coefficients followed by the weldbonded and - -
bonded specimens. The average measured damping ......
coefficients c/cc were: 21

.2 SEC
c/cc FIRST MODE c/cc SECOND MODE FIGURE 9, WELOBOND COUPON AFTER BOND FAILURE

.032 inch riveted .0132 .0064

.032 inch weldbonded .0105 .0039 ed beam before delamination at the bond edge.
Besides the ioticeable difference in the dis-

.032 inch bonded .0069 .0021 tribution of tensile and compressive peaks a
significant difference in the magnitude of the

.040 inch riveted .0135 .0049 strains can be observed. After start of bond
delamination the strain near the spot weld line

.040 inch weldbonded .0111 .0029 approaches a behavior comparable to that in the
riveted sample. This is shown in Figure 9.

.040 inch bonded .0062 .0013 During the fatigue tests of several of the
riveted samples a slight continuous drop in the

FATIGUE TEST peak frequency, Figure 10, and an associated
increase in strain response, Figure 11, was

RIVETED SAMPLES observed over some length of time. This was
attributed to a gradual loosening of the riv-

The random vibration tests were conducted ets. This effect was noticed i a much lower
with predetermined response strain levels, as degree at the control gage. Small continuous
measured and controlled at the highest strain adjustments of the control strain partially
point of the beams near the angle edge of the overcame this problem. Also very careful mon-.stiffeners. A coarse comparison of oscillo- itoring and accounting of the stress cycle

grams obtained from the different beams at accumulation was required. Most of the fail-
various strain points show a very similar trend ures in the riveted coupons occurred in the
in the time histories except for locations near beam near the edge of the stiffener. This is
the centerline of the riveted samples. At the in contrast to other investigations, for ex-
higher strain response levels & pronounced ample Reference 5, which reports failures
asymmetry was again noticed in the strain occurring in the rivet line. This difference
amplitudes at this location, while near the may be explained by a difference in construc-
support edge a more symmetrical behavior was tion of the coupons. It was noted that a large
observed. Figures 7 and 8 show typical oscil- amount of surface pitting near the sharp edge
lograms obtained at the rivetline of a riveted of the stiffener led to damage of the cladaing
beam and at the spot weld line of a spot weld- in this location which eventually resulted in

I ~17 ij



FIGURE 10 -TYPICAL VARIATION IN
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the failure of the beans. Two of the test art- and tensile strain peaks of both oscillations
icles failed in the rivet line. The results are shown and compared to the Rayleigh pro-
of this part of the test are plotted in the bability density. Contrary to the riveted
S-N curves of Figure 12. The small difference samples the weldbonded joints did not show any
in the two curves obtained with the two thick- changes in peak response frequency with pro-
nesses of beams may be explained by the ex- gressive test time until initial bond delamina-
perimental data scatter. The mean square fit tion. This is shown in Figure 17 which is in-
for all test points is also shown in Figure 12. dicative of a typical failure prngression in

the weldbonded joints. The progression of
WELDBONDED SAMPLES failure proceeds essentially in three phases.

These are' (1) Initiation of a bond failure
As already indicated and shown in Figures at thp stiffener edge near the control strain

7, 8 and 9 various differences in the strain gage. This starts as a adhesive delaminacion,
response behavior between the riveted and that is the adhesive material in total staysweldbondeJ samples were noticed. This is fur- attdch~ed to the stiffener while a clear separa-

ther emphasized in Figures 13 and 14. The tion of the aluminum beam occurs. The adhesive
strain response at the bond or support edge of failure progresses rather rapidly toward the
a weldbonded beam of Figure 14 shows a typical spot weld line, (2) Formation of fatigue

. single mode time history while the riveted cracks at the edge of the spot welds. Since
____ beam, Figure 13, at the some point exhibits the fatigue properties of aluminum are greatly

slightly higher tensile amplitudes. After reduced due to welding, this fatigue crack for-
initial bond failure the strain response in mation dlso proceeds rather fast, (3) The
the weldbonded beam approaches that of the final step is the linking of the weld cracks
riveted joint as shown in Figure 15. In Fig- through the skin to form a complete failure of
ure 16 the relative 1"requency of compressive the beam.
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in These three phases are clearly noticeable
iFigure 17. Once delaminattion starts the

peak frequency drops as the size of the dela- yr'
minated area increases. This is associated A
with a drop in strain response at the original -
edge of the supported area and an increase of
strain toward the spot weld line. Once the de--
lamination has reached the weld line the beam
exhibits response characteristics almost iden-
tical to that of the riveted joint. A comp-
Figure 18.

The one sample which was randomly excited 4'F'
in the lirst mode exhibited a somewhat differ-
ent final1 failure mode in that after delamina-"Ot N
tion tinal failure occurred in the beam at the S
edge of the bond or stiffener support. It may5

4be recalled that the control rms strain near n
the edge of the beam was readjusted to its

initial value'after delamination. In the
second mode this causes high strains in the
weld line due to the steep strain gradient,
while in the first mode with its very low
strain gradient only a very small increase to-
ward the weld line occurs. This more even FGR 8-FIE EOOIE ETBA
with the surface pitting occurring at the edge
are the probable cause of this failure.

The results of the weldbonded coupon ran-
4 dom fatigue tests are presented as least square

fit S-N curves in Fiqures 19 and 20. It is the point of initial failure, however, bond
clearly noticeable in this form of presentation failure is initiated at the bond edge by peel
show a shorter fatigue life relative to the sently i., is not possible to measure this peel

i ;,-thin (0.032 inches thick) beams. In order to stress which is a function of the bending
explain this at first glance surprising phenom- moment of the beam. The stress on the surface
enon, it must be recalled that the stresses of the bending beam is also a function of the
shown were measured at the beam surface over bending moment by the relation
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6M ively and one of the samples failed ii, the
S = stiffener clnse to Lhe mounting fixture, how-

bh ever, bond delamination had started before this

failure.
S = Stress

In most of the 0.04 inch beams bond delamina-
M = Bending Moment tion occurred as a cohesive separation. In

this case the adhesive material separates with-
h = Thickness in itself and a thin layer of adhesive stays

attached to the surfaces of both metal compon-
b = Width. ents. This is considered a sign of good sur-

face preparation and a gooa bond, while an
Therefore, the bending mements of two beams of adhesive failure indicates that surface cor-
the same width but with different thicknesses, rosion near the bonded metal surface may have
which are experiencing the same bending started. The final failure mode in these
stresses, are related by beams occurred by complete delamination of the

see 2 bond while in several others the beam failed
MI M 2  I h2 by cracking somewhere over the delamination

or 2 - area and one side of the beam stayed attached
h h h to the stiffener while the other separated co-
1 2 hesively. 9nly one of the 0.04 inch samples
1 21showed adhesive failure.

This clearly shows that the thicker beam with
equal bending stress will experience a higher It was attempted to correlate the differ-
bending moment. Therefore, if the peel stress ent types of failures with the bending stress
in the bond is linearly dependent on the bend- or bending moment levels since it appeared that
ing moment, a 56% higher peel stress in the certain failure types are associated with cer-
0.04 beam and a resulting earlier fatigue fail- tain stress level ranges. However, due to the

ure would be expected at the same level of randoriness of the failure types and the rela-
bending stress. tively small number of test samples involved,

such a correlation was unsuccessful.
A different convention in presenting the

data of Figures 19 and 20 for example plotting Least square fits of the bonded sample
bending moment as calculated from the measur- data are shown in the S-N curves of Figures 22
ed strains versus cycles to failure would and 23. Comparing the two figures shows that
eliminate the ambiguity of showing two sets of similar to the weldbonded joints the 0.04 inch
data for the same joint configuration. beams appear to have a lower fatigue life than

the 0.032 inch beams at equal bending stress.
Comparing the fatigue data of the weld- A possible reason for this has been presented

bonded and riveted joints, it was found that earlier.
the riveted samples show better fatigue proper-
ties, at higher stress levels,while at low CONCLUSIONS ""
stress levels the weldbonded samples seemed to
be slightly better. The results of the series of random vibra-

tion tests indicate the following conclusions:

1. The dynamic properties of a structureAlthough the bonded joints initially ex- wliich are influenced by the joint such as

hibited very similar strain response character- stiffness and damping dre slightly different
istics as the weldbonded joints, a slight drop in the three types which were investigated. A
in peak response frequency was experienced over riveted joint exhibits a somewhat lower stiff-

f the duration of the test which was comparable ness and a higher joint damping than the weld-
to that of the riveted joints. A typical plot bonded and bonded joining methods applied
of this frequency change is shown in Figure 21. here. The stiffness in the riveted joint is
It was surmised that the higher ductility of reduced over long test duration, as was also
the adhesive naterial which was used in these found in the bonded joints at high strain res-
joints may be the cause of this change. None ponse levels. In contrast the weldbond joint
of the small irregularities previously exper- stiffness generally remained constant up to
ienced with the other Joining methods showed the time of initial bond failure.
up during this ghase of the test.

2. From the bonded and weldbonded tests
In comoarison to the previously discussed it was found that if oelamination occurs the

joining methods the bonded samples showed a conventional presentation of data, rms stress
larger variety of failuie types. Most of the versus c:'cles to failure, is not sufficient to
0.32 inch beams failed at the bond edge slight- present a clear picture for these types of
ly after init'ation of bond delamination. In joints due to the multiplicity of curves re-

" two of the samples the bond separated adhes- quired for different test article thicknesses,
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Since the bond peel stress can not be measured 4-
directly, a presentation of rms bending moment 4. Althoughthe weldbonding staticPstrengthich
on the beam versus cycles to failure results was investigated ii e
in a closer collapse of the data points as properties, the fatigue results obtained have
shown in Figure 24. suggested that this particular process beavoided in structures with high acoustic load-

3. A comparison of the fatigue data ing.
obtained from three types of joints which were
investigated indicates that the bonding pro-
cess used in the bonded joints has superior
fatigue properties over a wide stress levA1
range.
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Discussion

Mr. Holehouse (Rohr Industries): The design ofI
the bonded joint overlap, the length of the
overlap, is very critical to the fatigue life
and I think in your case you got a good joint;
but as a general design practice you have to
be very careful with the length of overlap if
it is too short or too long the tendency to

* peel increases. Then also the position of
your spot welds relative to the high peel area
at the edge of the bond would be quite critical.
Your other point about the temperature and the I
moisture, there are data which suggest that
you get a decrease due to humidity but it is
not very great. I think the temperature !
properties are fairly well understood so you
inferred that you need more data before you A
can use them. Low adhesives aren't used con-
sideraby for stiffness they are used quite
extensively in honeycomb structures where they

$ have had very long service life, 50-60,000
hours, without any trouble in highly corrosive
and humid environments.
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FATIGUE PREDICTION FOR STRUCTURES SUBJECTED TO RANDOM VIBRATION

W. J. Kacena and P. J. Jones

Martin Marietta Corporation
Denver, Colorado

A method is presented for estimating the fatigue damage of complex
structures subjected to random vibration. Conventional random vibration
analysis techniques that apply specifically to normal mode analyses of
lumped parameter systems are used to predict the response stress statis-

tics. For each response stress parameter, the "apparent frequency" of

response is determined and used to generate a statistical measure of
the number of stress cycles in a given time. A Rayleigh distribution
of stress response maxima is assumed, and the fatigue damage prediction
is completed using a damage model that depends on the statistics of the
random stress maxima and the number of cycles. The governing equations
are presented along with an example problem which Llqstrates the
methodology.

INTRODUCTION "

Structures subjected to relatively long complex structure exposed to a wide-band random

term or repeated random vibration exposure excitation.
must be designed for f;tigue. Although analyti-
cal techniques are readily available to estimate The technique is based on a finite element
structural response parameters such as rms and model of the structural properties in the form
"peak" stresses for short term random vibration of normal modes, natural frequencies, and stress
exposures [1,2,3] , fatigue life prediction has transformations (relating stresses to inertial

been primarily limited to the following ap- response). Conventional random vibration

proaches: analysis methods for an input spectral density
are used to rredict the rms stress response in

1) The random response stress is as- each vibration mode. The total rms stress is
sumed to result from a single pre- then determined by root-sum-squaring all the
dominate mode and the damage is modal rms stresses, as would be done for short
assessed using Miner's Cumulative term random exposures.
Damage Rule [4,5,6]

A narrow-band stress response spectral
2) A statistical distribution of the density having the same rms value as the total

random stress magnitude is assumed response stress is used to approximate the
and used in conjunction with a damaging effects of the actual response. The
crack growth model [7] to define frequency of the assumed narrow-band process is
the probability of a dangerously seletted to preserve not only the variance of
large crack, the total stress but also the variance of its

first derivative. Hence, the "apparent fre-
This paper presents an extension to existing quency" of response is the radius of gyration

short term random vibration response methodo- of the total stress spectral density about the
• logy that estimates both the statistical number zero frequency axis [8 ] , and the number of

of stress cycles in a given time and the statis- stress cycles in a unit of time is defined. In

tical stress maxima distribution for structures addition, the probability deusity function for a

with multi-modal response. This extended stress maximum (assuming a normally distributed
analytical tool generates the stress informa- narrow-oand random response) is a Rayleigh dis-
tion required to use eiither Miner's Rule or a tribution [5,8,9] . The Rayleigh distribution
simple crack growth nodel, and is applicable and the number of cycles in a given time are
when the assumption that the response occurs then applied to the desired fatigue damage model,

in a single and predominate structural mode is and either the expected life or the accumulated

not adequate to describ the response of a damage is determined.
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This approach is particularly versatile m m 0th 2nd and 4 th ent of
when applied to Miner's theory, because the mo' z m t
damage due to combinations of random levels about the zero frequency axisand durations is easily assessed. Since
Miner's theory involves the use of conventional n number of stress cycles
S/N data for the structural material, the ef- N number of stress cycles to failure
fects of combined random and steady stresses p ( ) probability density function
can be evaluated by reducing the S/N curve to S stress
a level consistent with the manner in which a aS peak-to-peak stress
Goodman Diagram assesses combined steady and T random exposure time
sinusoidal stresses. u base motion

1,6, 17 variables in Eq. l13)
Crack growth models are considered more -

representative of the fatigue damage than rms
Miner's theory. However, the use of these.
models does not allow as much versatility, be- 6 . |_(f°/fP)21
cause the damage accumulation is dependent on
the order in which the stress cycles are ap-
plied. Due to the extreme differences between 6 fraction of possible cycles

these two kinds of fatigue damage models, the s  = 24- m-
subsequent preparation of the governing equa- rmso
tions considers the use of both Miner's a
Cumulative Damage Rule and a simple crack scond)
growth model.

NOMENCLATURE Subscripts
i discrete degree-of-freedom or

Matricies stress index

IM ms s k identification of stress magnitude

stiffness r index denoting rth mode

RI] normsal modes
[Mg generalized mass, []T [M ] [jP] RANDOM RESPONSE

2Mgj generalized mainss, T

LwI~sg[ generalized stiffness, '-JTNJL5J The approximate method of random response
CST] stress transformation calculation for a multiple degree-of-freedom P1
[A] CST] [ 4' 1 system proposed by Thomson and Barton [1,2,3]

is used in this development because it mini-
Vectors mizes computer time requirements. Consider
ItJ discrete absolute coordinates the equations of motion of a lumped parameter

discrete relative coordinates system with proportional damping subjected todse q t correlated base moticn u

iTJ excitation transformation
Iq I generalized coordinates [M]I + (l-jg) [ CIxul . 101 (1)

modal participation factor,

r[ T [M] ITI Since the eigenvalue solution is generally per-
JS stress formed with respect to the relative motion co-

ordinate z - x-u, Eq. (1) is rewritten
Symbols

acrack size [MI.l+ (l+jg) [K -. [] Ti (2)

a initial crack size where IT is a vector specifying a correlated

2 direction of excitation. The normal modes and

B A r  natural frequencies provide a transformation
i ir 2 to generalized coordinates, q, that uncouples

Mgr gr the equations of motion. (3)
C material constant [Mg@ 1+ ['r2r MR T
D accumulated damage [r +  I*JgL M q} " .[4] [M]IT}I
DF damage factor
f frequency (Hz)f- frequency (z If the coefficient of the forcing function

..fo ffrequency of zero crossings in Eq. (3) is relabeled Irh -rc]ng
, f specralensiyofua(commonly referred to as the modal part cipa-

i" function of frequency tion factor), the generalized equation of
Fs(f) stress spectral density

9 g proportional damping 2 rr
j A + (l+jg) r r  (

4 9~I'~p. iT
;4 ~-~-

16@0",_



i i f

If it is assumed that the damping is small and -rthat the spectral density of "l is relatively S2 Br F u(fr f (9)

constant, the mean-square generalized response i 2 Z rr '
V in the rth mode is calculated using residue A2  2

3
integration of the transfer function squared. where Bir = and [A] -[ST][M][4].

ir
2

q Fu(fr) f (5) gr g
r 2 gr Mgr u r r RESPONSE STRESS STATISTICS

where Fu is spectral density of "1 (assumed to
be a Gaussian distribution) in acceleration o accumulatethe oinformatinnery
squared per Hz and fr is the natural frequency for a fatigue damage prediction, the random

of the r
th 

mode in Hz. The mean-square response response statistics from Eq. (9) must be used

of the ith degree-of-freedom is approximated 1o estimate the statistical number of stress
as a sumation over the modes, cycles and the statistical distribution ofa 2 d2 stress maxima. The number of cycles is based

-f2 % r kr on the frequency distribution of the response
i -- j g u(fr) fr (6) and estimation of the distribution of stress

r <r Mgr maxima is simplified when the actual response
It is demonstrated by example in [3] that is represented by an approximately equivalent

d c snarrow-band response for which a Rayleigh dis-
direct substitution of Eq. (6) into an expres-rationale
sion for stress is unaccepta'e because the
final response parameter (str. z in this case) behind this approximation is discussed in the

must be expressed exp' -itly before mean- following statistical development.
squara response statistcs are performed.
Stresses are expressed as a function of the The response stress associated with te
inertial forces in Eq. (7) using the stress mean-square stress from Eq. (9) is a Gaussian

Distribution because it is a linear combination I ttransformation [ST]. of several narrow-band Gaussian processes. For

)= - n a r.3rmally distributed random response, it is
- LSTJLMjI () shown [5,8] that the frequency of zero crossings

- [sT]fr] {H - (STJ[fT} (7 is
df Is If 2 HAsT

Applying Eq. (7) before making the transition 1 [ l Jo F s (f) df

(8) where
2  L () [J Fs(f) df 10)

to(S th fomotE.() yild r whr dfjf df2 . . . Fs(f) is he 5esponse stress spectralrr Mg density and 4 if f Fs(f) is the spectral
density of S. Similarly, the frequency of

where the appropriate matrix products are occurrence of a relative maximum is related to
formed before Lie irth element is squarci. the spectral densities of the first and second

SThe approximation associated with Eqs.t th ons e stress
(6) and (8) is that h freyidfn,

(A P (r (A f/ge a

] 2s 

d 
r 

f f2 7 

1

his prxfalni patiuary od hn2 (F~ f df - Bi F f)-r

h r d i +n /g r cintegrals of Eqs. (10) ofnt he asresspecta l
ot nand 4hmmnso h tesseta

2r edensity about the zero frequency axis and can
- .8 (Abbre "ia be evaluated as in Eq. (9).oo (2. r r ~ ()d _ i

r d 2  12 o22

where [A] is either [4] or - [ST][H [M ]. 2 :3

the damping is small and there is reasonable. r12- fd

frequency separation between modes. Another
-I jfactor in this approximation is that the cross- f f4  F - B (f) f5

terms generated infrin. h product oftw Mi. 8 2() j ' irur r
sums will have a tendency to cancel one another 0r
because they can in zormn opste owomnu~ beof oposte sgn.(12)

The following discussion will refer to $*& C' ~Eq. (8) in the abbreviated form of Eq. (9)
? below

~F



The probability density function for a
relative maximum is derived in reference [9].

2 2

~.~2L (13) p 0)
=~~~ ~~ /2_ .r2/ 2

+ Nl - eC2 2/2 e
2

'e dS]
-r 0.6 Rayleigh e - 0.. where

2,e- 2/3 0.5 '0.4
morm4 p white 0.4 '. 0.6

L~~4i -~f~>noise t .

)=. - S/S r - "7

Using Eqs. (12) and (13), C is found to range
from zero to unity. For a narrow-band process,
C is equal to zero, and the density function
of Eq. (13) becomes a Rayleigh distribution.

*e-(8
2 /2mo )

• p(S) = (S/mo ) e 0 (14) -1 0 1 2 3

Figure la presents a plot of Eq. (13) for a) P (i) versus i
several values of C, where the Rayleigh dis-
tribution (C - 0 ) is similar in appearance to
the distributions when C is 0.4 or less. When
the negative maxima of Fig. la are elimina- .6 Rayleigh
ted and the distribution is renormalized to
unity probability, Fig. lb results. Since half .- 04
of the difference between fp (the frequency of
maxima) and fo (the frequency of zero crossings) - 0.6
is eliminated by this renormalization, the .4
frequency associated with Fig. lb is (f + fo)/2. ..- E-0.8
The total number of positive stress 

maxima at .3

a given magnitude is the frequency times the
exposure time (T) times the probability from .2
Fig. lb. This product can be written as

.1

xn = T f (f+fo)/2fo]. (15)

The term in brackets is replotted as a function 0 1 2 3
of c to yield the new density of Fig. 1c, which b) Negative maxima eliminated and
is rcrmalized to fo but has a total probability curves renormalized
greater than unity. J

P() -
The significance of Fig. lc is that the " " - = 0.8

number of positive stress maxima with magnitudes .6 - /0.6
greater than the rms is determined with reason-
able accuracy when the frequency fo and a .5 ' =-0.4
Rayleigh distribution are assumed. This result
holds for practically any Gaussian stress dis- / Rayleigh
tribution (C <0.8) whether its spectral density .4
is narrow band or not! Although Fig. lc shows
that there are actually many more stress cycles .3

at levels less than the rms stress than are
represented by the Rayleigh distribution , these .2
low-level stresses produce very little damage,,
as will be illustrated by the results of the "1
subsequent numerical example (Table 2). 0.

For structures that do not lend themselves 0 3
to the single mode approach, values of C are 0 1 2

found to be in the range 0.3 to 0.8. As an f f

illustration, Table 1 presents the calculated c) Normalized to f(
value of f for several simple distributions of
modal frequencies using (12) with the assump- Fig. 1 - Probability of Relative Maxima
tion that Bi Fu(f ) - constant for all r. Fi.1 Prbbliyo RltveMxm
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Although approximation of the actual distribu- I) Numerically integrate Eq. (14) to find the
tion by a Rayleigh distribution is alightly un- fraction, 8 , of maxima that occur within
conservative for stresses less than the rms a small range of stress magnitude. An
stress, the computational savings by using Eq. integration step size corresponding to a
(14) rather than Eq. (13) are considerable. stress level range of 0.2 Srms has been
In addition, the use of fo and not fp eliminates found to be acceptable for trapezoidal in-
the need to calculate m4 unless the value of tegration.
is being checked. Hence, the apparent narrow- 2) For the kth increment, take the highest
band response frequency f. and a Rayleigh stress level in the increment
distribution of positive maxima are selected as (Sk =0.2k Srms) and interpolate Nk from
a reasonable engineering approximation to sta- the SIN data.
tistically define the random stress.

3) ,lculate the incremental damage in the

TABLE 1 kth increment usingn k = Tf o 6k

C FOR SEVERAL S IMPLE FREQUENCY DISTRIBUTIONS Dk - T fo 6k I Nk

Uniform Distributions Logarithmic Distributions 4) Sum the incremental damages for all possible
f = A fl for A as tabulated below values of maximum stress. An integration

range of five standard deviations is suf-

C a1 ficient for most structural materials.Case 1 Case 2 as3 aselI Case 2

1. 1.0 1.0 1.0 1.0 D = T fo >" 6 k /Nk (18)
2. 1.5 1.1 1.25 1.1 Because of the linear manner in which

3. 2.0 1.2 1.6 1.25 damage is predicted using Miner's theory, the
4. 2.5 1.3 2.0 1.4 damage due to combinations of random forcing

functions and exposure times can be assessed
5. 3.0 1.4 2.5 1.6 using Eq. (18). Also, the effect of steady

stresses (due to preloads or steady accelera-
6. 3.5 1.5 3.2 1.9 tions) can be incorporated into the damage
7. 4.0 1.6 4.0 2.0 calculation. This is accomplished using the

8. 4.5 1.7 5.0 2.2 concept of a Goodman Diagram to generate a
9. 5.0 1.8 6.3 2.5 downward shift of the S/N curve. The shift
9. 5.0 1.8 6.3 2.5 factor is calculated using only the ultimate

and steady stress values as depicted in the
10. 5.5 1.9 8.0 2.8 Goodman Diagram of Fig. 2.

C for 1
st five frequencies

0.487 0.454 0.221 0.468 0.308

C for all ten frequencies
0.497 0.487 0.333 0.613 0.479 Se = endurance limit

S = reduced endurance limit

r
APPLICATION TO MINER'S RULE S S S

rShift Factor = .r = u s
Miner's cumulative damage theory [6] uses S e  Su

a conventional S/N diagram for the structural Se
material and simply states that the fractional
damage caused by nk stres, cycles at a stress
level Sk is

Di =nkI N k(16) s -k~~k r

where Nk is the number of cycles to failure at

Sk based on the S/N data. The total damage due
to all stress levels then becomes

D= /k  (17) S S

' k S U

Based on this theory, the expected life of the steady ultimate
structure is the random exposure time required stress strength,

,,- for D to become unity.forD o ecoe niy.Fig. 2 - SIN shift determined from

The expected damage for a given random Goodman Diagram

forcing function in a unit of time T is then ,

determined through the following steps:
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Strictly speaking, this shift must be APPLICATION TO A CRACK GROWTH MODEL
applied to the S/N data before using (18).
However, to analyze a system with slowly vary- Most crack growth models represent the,
ing steady stress, an approximately equivalent growth rate per stress cycle as a function of
shift of the S/N curve to the left rather than the peak-to-peak stress, the steady stress,
down yields a damage factor (DF) that comes and the crack size. For ease in usage, these
outside the summation of (18). This approxi- models are usually presented in the form of
mate shift is illustrated by the comparative first order differential equations with separ-
S/N curves of Fig. 3 . Combined random and able variables.
varying steady stresses are evaluated by in- d(20)
crementally changing the damage factor, and f(ASS) f(a)

the exposure time external to the summation of dn
(18). where a is crack size, n is number of cycles,

1 r 1 S is peak-to-peak stress, So, is steady stress,
fo[k N TJ and f, and f2 are functional relationships.SkJk k DFj TJ (19) As a simple illustrat:ion of the application

N(for zero steady stressof the response stress statistics to a crack
DF f growth model, a typical version of the ParisN(for the actual steady stress) equation [7] for an a .uminum structure is

considered.

L C (AS) 4  a 2C is a constant. (21)

Original S/N Curve dn

Actual Shift After separation of variables, Eq. (21) be-
comes

SApproximate Shift 1 d (2fT f
S/S rms a 0 o "

S_ S
. . 2 Shift Factor Since the distribution of peak stress

6 S response is represented as an equivalent nar-
row band process, it is not unreasonable to

N1  define the peak-to-peak stress distribution as
Damage Factor twice the maximum stress from the Rayleigh

N2  distribution of Eq. (14).
4 

p(AS) S e(S)2/20 (23)\ N2
3 where the standard deviation, a , is twice the

value used in dealing with peak stress
2 " (o = 2 Srms). Using Eq. (23), the expected

value of ( AS)4 is

I " 1 (AS)4 p(AS) d(AS) - 804 , (24) h
10 1 O10~d(A) q (2)beoe

lo Making the change of variable In = Tfo p(AS)13 15 10' 101 'il d (AdS), Eq. (22) becomes

Number of cycles 1 = C T f (AS)4 p(AS) d(dS) ,(25)
Fig. 3- Damage factor for combined a0  a 0o

steady and random stress
and the expected crack size is

1~ -a cTf (8k4) (26) ,i
00

The result of integrating Eq. (21) depends
The obvious advantage of Eq. (19) is that the on the order in which the stress cycles are
summation on k is performed once rather than applied, but the result given by Eq. (26) for

, many times. It is found that when the damage the average crack size does not consider the
factor is computed such that the approximate distribution of possible crack sizes. Since

. and actual shifted S/N curves intersect in the the fatigue analyst is more interested in the
- ' Irange Srms < S < 2 Srms, there i. little dLf- final crack size that bounds 99% of all pos-

ference between using Eq. (18) and the ap- sible final cracks rather than the average
,,proximatLon of Eq. (19). final crack size, he may pursue one of the
< - following approaches:

920O, "1 
I



1) Not worry about the distribution of crack the rms stresses (and their modal contributions)
growth, but rather are computed from Eq. (8) as

a) Select an initial crack size that is Mode 1 Mode 2

b) Select a final crack size criteria 1 0 . 7

b) ~ ~ ~ ~ ~ m sttsial unlie0y x 102 0 Psi 1a 00 2,8
that is statistically unlikely to
be damaging (as is presumably done S2  I = 7,076 psi 6,222 3,369

with the S/N curve when Miner's Rule rms(4.88 107P
is used), and a,

c) Use the expected crack growth from The corresponding -,alues of fo, f and c from
Eq. (26). Eqs. (10) through (13) are: P

2) Define the limiting crack based on the f = 0 = . = 0.680

distribution of final crack sizes using 0 1 Hz, 150 H E
either just the growth statistics or both
the statistics of initial crack size and f o 150 Hz, f = 218 Hz, e = 0.725I
growth. 2 P 2

A Monte Carlo selection of the random
order in which the stresses dS are applied
and integration Eq. (21) written in the form
of Eq. (27) yields a distribution of final
crack sizes that depends on T as well as the --or.. Excitation
distributions of AS and ao .T f ON

a + c (a ) 2 OS )4
ak o + kC k (27)

k-1 M = 1.0 -bs2 175 Kg

in
Since no general formulation or approximation
seems to describe the distribution of cracks Identical Structural Members
except for specific values of T and ao, use of Section area (A) = 1.0 in2 = 6.4(20)m

the expected crack size (as in the first ap- 7 10
proach discussed above) is the simple and Young's modulus (E) = 107psi = 6.9(10)pa
direct approach, but may not be conservative. Length 1 0.0 in 

= 
0.254 m

6 8
Stiffness (k) 10 lb/in = 1.75(10 )N/mNUMERICAL EXAMPLE

Fatigue damage prediction using the ap-

parent frequency fo' a Rayleigh distribution
of peaks, and Miner's Rule is illustrated by
the two-degree-of-freedom example shown in
Fig. 4. The modal properties for this system
are Dynamic Model (P =force)

f= 98.4 Hz, f 2 = 257.5 Hz

g lb- 2  k

1! in = 175? K

[0.525 0.850 in/in or in/inL . La.
L0.850 -0.525 l IX12

:375 2X,P X2 P2
3 n5 ( l +K 2 -11 I - ul o

and the matrix product [ST] [M] [,] is -2 x 2 2

1.375 0.325 Lb-s2 [3.73 0.88 1 5 Kg Stress Transformation

[0.850 -0.525] in3  
=12.31 =1.42] 0- r P}11

When the modal damping g is assumed 2  L [ P2 1 [ 1 P2

g} 
= '0.02 Fig. 4 - Example structure

and the acceleration spectral density of Fig.
5 is used

( 12 2 2
0.0492 X 386 (in/s ) /Hz
0u8 X 9.8 (m/s )2/Hz
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SI  = 20,996 psi = 1.448xi08 Pa
eq

S2 = 14,822 psi = 1.022xi08 Pa
PSD- (gravity units) /Hz eq

This computer program damage calculation for S
is summarized in Table 2. These results re-

0.10. flect straight line extrapolation of the S/N
data on a log-log plot for -qsses greater than

logarithmic 30,000 or less than 12,000 psi. Although one
might expect that for very large stresses extra-

spolation to either the yield or ultimate stress
is more realistic, the straight line extrapola-
tion has been evaluated (reference [l0 ) and is -'
found to yield reasonable rebults.

TABLE 2
20 320 ( CALCULATED DAMAGE

Cycles to

F .g. 5. - Example Problem PSD Rayleigh Failure,
S/Srms p (S) N(s) p(s)IN(s)

24 -250.2 0.196 1.31 (10 ) 1.49 (10- )

0.4 0.309 1.16 (10 18) 3.18 (10- 19)
14 -15

S ksi 0.6 0.501 3.34 (101) 1.50 (10" )

05112 -1330 0.8 0.581 1.03 (10 ) 5.65 (10" )  
35

1.0 0.606 1.15 (10 10) 5.24 (10"11  )
25 1.2 0.584 2.96 (10 ) 1.97 (10- )

22- 7 -8
20 1.4 0.525 3.29 (10 ) 1.59 (10

6 -8
5x10 8  1.6 0.445 8.28 (10 ) 5.37 (10

15" 16- :.8 0.356 3.54 (10 ) 1.01 (10" )
2.0 0.271 1.65 (10) 1.64 (107

I 12 5-7
2 2.2 0.196 8.23 (105) 2.37 (10-

10.- ! 2.4 0.135 4.32 (105) 3.12 (10- )
5 6 7 8 9 5-10 10 10 10 10 2.6 8.85 (10- ) 2.38 (105) 3.71 (10- )

Number of Cycles (N) 2.8 5.56 (10-2)  5 7
2.8 5.5 1.37 (10 ) 4.04 (10)

3.0 3.33 (10 ) 8.24 (10 ) 4.04 (10 )
Fig. 6. - Log-Log S/N Data Used 3.2 1.91 (l-2) 5.10 (04) 3.75 (10-7)

in Example Problem 3.2 1.91 (10 -) 5.10 (10) 3.75 (10)
-2 410-73.4 1.05 (10 ) 3.25 (104) 3.23(1 )

3.6 5.52 (10"3 ) 2.13 (104) 2.59 (10" )
43 19 0-7)3.8 2.78 (10 - ) 1.42 (104) 1.95 (10 - )

-3 3 -7
Using Miner's theory in the form of Eq. 4.0 1.34 (10- ) 9.73 (103) 1.38 (10-7) " I

(18) along with the Rayleigh distribution of 4.2 6.21 6.78 (103 -8
peaks from Eq. (14), the damage per second of

exposure time is calculated using the SIN curve 4.4 2.75 (10 4.80 (l02) 5.73 (10- )
of Fig. 6, 4.6 1.17 (10-4 ) 3.45 (103) 3.39 (10-8)

7.8 (l05)/sec 4.8 4.77 (10" ) 2.51 (103) 1.90 (-8

6 /e 5.0 1.86 (10"  1.86 (103) 1.00 (106.4 (10" 6 )/sec a e 3.568 (10b)

and the expected safe exposure time is 12,800 Damage/sec 0.2 P(s)/N(s) 7.8 (10-5)
seconds. For Lhis system and this S/N data, Time to Failure 12,600 secthe equivalent sinuosidal stresses (those which 7theeqivaen siuoida srest~ (tos whch rms stes=10,264 psi 7.08x10 Pyield the same damage foc the same exposure at stress 0 Pa
frequency f.) are
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DISCUSSION sizes when a growth model is used. The desired
result is a relationship that represents the
final statistically unlikely crack size as a

In the example problem results of Table 2, simple function of So, ASrms' a_ end T for
the accumulated damage below the rms stress is so each credible growth model. Thi kind of ad-
lcw (less than 1%) that it doebn't matter whether va.:cement would make the use of a crack growth
the Rayleigh or actual distribution is used. model almost as convenient as Miner's Rule for
Since the shape of this example S/N data is determining the random vibration fatigue damage
typical of most structural materials, the ap- in multiple degree-of-freedom structures.
proximation that a Rayleigh distribution of
maxima represents the actual distribution dues
not compromise the results when Miner's Rule is REFERENCES
used. In addition, the approximation of a
Rayleigh distribution has little compromising 1. W. T. Thomson, M. V. Barton, "The Response
effect on a typical crack growth model where of Mechanical Systems to Random Excitation,"
the low level stresses, which are improperly Journal of Applied Mechanics, pp. 248-251.
represented, produce very little growth when June 3q57.
the stress is raised to a power. The example
also illustrates that when Miner's Rule is used 2. W. C. Hurty and M. F. Rubinstein, Dynamics
for typical structural materials a stress range of Structures, Chapter 11, Prentice-Hall
of five standard deviations satisfactorily re- Inc., New Jersey, 1965.
presents the damage. Although this may not be

the case when a crack growth model is used, it 3. P. J. Jones and W. J. Kacena, "Comparison
is definitely reasonable to truncate the dis- of Structural Loads; Static Versus Dynamic"
tribution at some rarely expected stress level. The Shock and Vibration Bulletin, Vol. 41,

Part 6, pp. 197-202, December 1970.
Despite the fact that crack growth models

are considered more representative of fatigue 4. J. W. Miles, "On Structural Fatigue Under
failure than Miner's Rule, the cumulative damage Random Loading," Journal of Aeronautical
theory does represent some observed trends in Science, Vol. 21, pp. 753-762, 1954.
fatigue failure. Furthermore, the linear manner
in which Miner's approach considers damage pro- 5. S. H. Crandall and W. D. Mark, Random
vides the fatigue analyst a simple model with Vibration in Mechanical Systems, Academic
which to assess the following: Press, Inc., New York, 1963.

1) Determine which structural element is 6. M. A. Miner, "Cumulative Damage in Fatigue,"
most likely to fatigue under random Journal of Applied Mechanics, Vol. 12,
vibration. pp. 159-164, 1945.

2) Compare and/or combine different random
7. H. Liebowitz, Fracture, Vol. III, Chapter 1,

environments. Perhaps even define an Academic Press, New York, 1971.equivalent exposure time through which

the damaging effects of several rand 8. J. S. Bendat, Principles and Applications
environments are represented by one of of Random Noise Theory, John Wiley, New
them for an extended duration. York, 1958.

3) Combine the damaging effects of random

and steady stresses using the Goodman 9. R. W. Clough and J. Penzien, Dynamics of
Diagram approach to determine a damage Structures, Chapters 22 and 23, McGraw-Hill
factor. Inc., New York, 1975.

Certainly, the asqessments presented above could 10. D. T. Raske and J. D. Morrow, "Mechanics of
be used to elimi'ate many of the possibl' cal- Materials in Low Cycle Fatigue Testing,"

culations for a ,.ubsequent crack growth aialysis Manual of Low Cycle Fatigue Testing, ASTM
by eliminating many structural members frvm STP 465. American Society for Testing and

consideration, by using a single equivalen: dis- Materials, pp. 1-25, 1969.
tribution to represent several random enviton-
ments, and by pre-determing whether a crack
growth model that includes steady stress is
necessary. If the inclusion of steady stress
appears desirable, an equivalent constant value
offers considerable computational savings over

. the use of a variable. An equivalent steady
stress can be calculated in reverse using the
time averaged damage factor from Eq. (19),

applied to a crack growth model.

An area that deserves further study is the
treatment of the distribution of final crack 93I



Discussion

Mr. Smith (Bell Aerospace): Your whole paper
seems to hinge on the fact that when you
normalized your non Rayleigh distribution of
peaks twice it looked like the Rayleigh
distribution. Unfortunately you stopped the

comparison at something like 1 to 1 sigma.

Mr. Kacena: That was just to make the slide
simpler. From one sigma on out the actual
distribution, if you want to call it that, is
lower than the Rayleigh distribution even
after both normalizations.

Mr. Smith: Isn't that where they should be

equal, if you are then going to assume that
you can use the Rayleigh distrihution? That is

where the damage is going to be done out to

2, 3, or 4 sigma.

Mr. Kacena: The Rayleigh distribution is
slightly conservative.

i

A

K..
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i MEAN LIFE EVALUATION FOR A STOCHASTIC LOADING PROGRAMME WITH! A FINITE

~NUMBER OF STRAIN LEVELS USING MINER'S RULF

,4

a G. Philippin, T. H. Topper and H. H. E. Leipholz
i Department of Civil Engineering, University of Waterloo

~Waterloo, Ontario, Canada

~This paper is concerned with fatigue life prediction of a material sub-

~~jected to a stochastic loading programme. Using Miiner's rule - recog-
; nized to be valid from a probabilistic point of view, - together with

a damage parameter associated with each closed hysteresis loop defined
in the stress-strain diagram corresponding to the given loading pro-
gramme, an example of life prediction is presented.

INTRODUCTION Here Ni are fatigue lives under constant load
amplitudes Pi , they are given as SN-data , 2].

In predicting fatigue life of a material As a matter of fact, Miner's rule gives the
5ubjected to a stochastic loading programme, same life prediction for any sequence of loads

it is often believed, that Miner's rule cannot of the form (lIll i2l -.., fiN ) , i.e., for any
lead to accurate results. In the first part of premutation of 1,..,IN). This is often in]
this paper, it will be shown that, from a pro- disagreement with the reality. A number of im-
babilistic point of view, Miner's rule is not provements has been proposed in order to make
to be blamed for such a discrepancy between Miner's rule sensitive to the order in which
prediction and reality. In contrast, it is an the loads are encountered in a fatigue test po].
inadequate choice of the damage parameter which This attempt has been only partially successful,

is responsible for an unsatisfactory life pre- and the loss in simplicity of such "improved
dictionp versions of t Miner's rulemakes their applica-

tion difficult. Recently, however, researchers -beIn the second part of this paper, Miner's have obtaine edioor an seicting fatigue
rule will be applied in the case of a simple life by using a revised method of counting re-random loading programme for which the damage versals [4] a nd inserting more sophisticated
parameter will be chose n a t fromat r of forms of fatigue life data in the old original

stress and strain associated wi h each closed form of Miner's rule 5]: when Ni is expressed
hysteresis loop defined in the corresponding in terms of a certain function of stress and
stress-strain diagrat. I strain occurring in the reversal i rather than

in terms o the stress amplitude corresponding
PROBABILISTIC INTERPRETATION OF MINER'S RULE to the reversl Ii, the damage summation

k n.An evaluation of the fatigue life ov ae Nr mi
specimen subjected to a random load programme ing

is often obtained by using a rule first pro- to failure closely approaches one, and this
posed by Miner pr] togetner with experimental holds true for a great number of possible reali-
stress versus fatigue life data (SNidata). zations of the same random load programme [6].

More precisely, if a sequence of loads 11,  (Now, ni is of course the multiplicity of Ii12, ... is applied and if failure occurs after taken wth respect to this new parameter).
nI applications of 1 , n2 applications of 12, Hence, a correct interpretation of Miner's rule
etc., the fatigue life N (i.e., the maximum may be possible if suitable damage parameters
number of reversals that the specimen can sup- and reversal counting methods are chosen. In-
port) can be predicted by: vestigations in this sense have already been

k carried out by Saunders and Birnbaum in two
N E n. mathematical papers [7, 8]. In this paragraph,

i~l xa simpler version of such a probabilistic inter-
where k is such that pretation is presented. Furthermore, it will

k n. be shown that the assumption, that the damage
E pe occurring as a consequence of a load is a ran-i=l bi dom variable with an IFR distribution or



even with a NBUE - distribution [8], can be re- of the damage increment corresponding to the
moved, load 1k, T = E{W) is the expected value of the

critical damage, v = E{W} is the expected life
Given a random loading programme 11, 12, time of the specimen. iv-] and [v+ ] denote two

.... we suppose that each reversal 1k is re- integers such that iV-] : v < iv+], iv+] = [V']
sponsible for a corresponding damage Xk, and we + 1. We now consider a fatigue test with con-
assume: Xk is a non-negative random variable stant "load amplitude" 1k. The corresponding
for any k = 1, 2, 3,... sequence of damage increments is Xk, Xk, ...

and therefore we have as a special case of (1):
Of course, a connection between Xi and li

exists and is representative of the physical Vk Pk < T < (Vk+l)k, (2)
model for damage, for example E{Xi} = f(IliI).
Let W be the critical amount of damage at which where Vk = E{N ) is the expected value of the
failure occurs, and N the index of the last life time Nk corresponding to a fatigue test
reversal before rupture of the specimen. W with constant "load amplitude" 1k. From the
might be considered as a random variable, and inequalities on the right hand side in (2), we
the life time N as an integral valued random obtain
variable. Between

N k 1
ZN= Z Xi and W T Vk+1

the following obvious relationship and by summation over k:

N N+l I [V] [V] 1
• -- * 1k >  (3)

E Xi < W < X T k=l k =k +
i=l i=l

From the inequalities on the left hand side,
holds (see Figure 1). we obtain

1 [v+]+l [v+]+l
SZl k< E . (4)
k-l k=l Vk

Inserting these bounds (3) and (4) in (1) yields:

[v] 1 [V +l1
Z ~< E
V -+1 < Z (5)

k=l k k=l k
ZNIW On the other hand, we have:

ZN XN I [v-] 1 [v] 1 Iv+] 1 [v+]+l

-< Z -< Z -< (6)
N+1 k=l Vk7 k=l k k=l k k=l k

From (5) and (6), we conclude that

1 E V - (7)
k=l k

Z3  where iv] may be [(-] or iv+]. As expected
fatigues lives, the vk are supposed to be large

X3 numbers, therefore the differencez-xz [v+]+l L [v'] 1

Z 1 k=l vk k=l vk+l

is extremely small, and (7) may be considered
to be a very good approximation. This result
which gives a probabilistic support for Miner's

Figure I - Relationship Between Xi, N, and W rule, states the exact sense of vA and v (asexpected values of the corresponding fatigues

Taking the expected values of the quantities in lives).
• ;.the above relationship,

?> It should be noted that practical applica-
tion of the foregoing derivation depends on the

damage parameter chosen being adequate to col-kcaea u< y < ssk'a dagger .Po ' k - k lect in classes all equally damaging reversals.: _,
X1.klk Such a damage parameter is a prerequisite to

correctly obtain from the experimental data the

is obtained, where Pk = E(Xk) is the mean value damage increment Uk for the kth reversal neces-
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sary for the application of equation (1). Once, damaging closed hysteresis loops could be ob-
partitioning of the fatigue process into classes tained from the statistical nature of a given
of equally damaging reversals in terms of a loading programme. The foregoing problem is
parameter which can be associated with the re- tractable for a finite number of possible loops *

versal 1k causing the damage Ilk is accomplished, in which case it is purely combinatorial. Be-
application of Hiner's rule is straight forward. cause the difficulty increases rapidly with the
While a physical model for the damage process complexity and number of possible closed loops,
is not yet available, one of the authors has this investigation is restricted to the simplest
obtained good life predictions by combining a case of this kind, in which only two strain
damage parameter T = AoM.Ae, based on stress levels and a rest state occur.
and strain at the fatigue crack initiatior. site,
where GM is the peak stress and Ae is the strain Let us consider a material subjected to a
range, with a reversal counting method which sequence of k strain peaks randomly chosen from
correctly counts reversals in local stress and two possible values e1 < 0< 2, with the cor-

strain [9]. On the other hand, however, both responding probabilities r1, 72; 1l + 7T2 = 1.
failure to choose a suitable damage parameter We will further assume that the values Ilil
and to correctly identify events in the stress- (i = 1,2) are small enough to be in the domain
strain history can cause serious errors in life of elasticity of the material. In this case,
prediction [10]. three different kinds of (degenerated) closed

loops hl, h2 , h3 are observed as indicated in
In practice, if the random nature of the Figure 2, where h3 may be generated in two dif-

load programme is known, we have to determine ferent ways denoted by hi and h3. It is to be
the corresponding statistics of-a damage para- noted, that the state zero is here considered
meter p (correctly chosen), and to find the as a certain event occurring after every strain
probability density fk(x) of the height of rise peak. This is not a restriction for an elastic
and fall of the stochastic process Pk(t) [11], material. Of course, every other prescribed
where t is the time and the index k is used to value between e1 and c2 for the rest state could
emphasize the nonstationary character of these be chosen without any change in the following
quantities. By the height of rise and fall, calculation, but this values has to be pre-
we mean the increment h of Pk(t) as it passes scribed, otherwise we already have an uncounta-
from the k-lth extremum to the kth one. ble set of possible closed loops!

E{N)
Zf k(X)dx

k=l

is thus the expected number of reversals of S
magnitude between x and x+dx contributing to hZ
the rupture of the specimen. If v(x) is the
expected live time corresponding to such a re- , I
versal, Miner's rule (7) yields OE

E{N1 C2
£fk ix) hi

k=l
(x) dx 1. (8)

In the special case where the probability den-
sity fk(x) = f(x) does not depend on k (i.e.,
if the stochastic process Pk(x) is stationary),
the above equation can be solved explicitly: 

$ $,x 4, A1

AN EXA31PLE OF LIFE EVALUATION2

The aim of this paragraph is to indicate hh 3

how mean life evaluation can be obtained for a
simplified stochastic loading programme. A
combination of stress and strain associated with
each closed hysteresis loop defined in the Figure 2 - Illustration of the Three Possible
stress-strain diagram corresponding to a given Closed Loops hl, h2 , h3 .
loading programme is chosen as a damage para-
meter. This idea, which was first proposed by From the 2 k possible loading programes
atsuishi and Endo [12], has been applied suc-
cessfully by several authors [4, S, 6]. In each with k peaks, we denote by Nk (i = 1,2,3) the

A~'~ hi cmpicte pocdue oud e owve ~ ad heexpected number of programmes wthaof these investigations, a computer counts closed expected number of programme finishing with anloops and sums the corresponding damage values. hi-leop. For convenience, N will be split inThis complicated pioc cdure could be however 1 + and N ' h x e t d n m e f p o r ~ s,.
avoided if statistical information about equally k N

9-



finishing with an resp. with an loop. 1-hl) 13-

rs.wtanh lop kh 2Nkl(hl)+Nk Nk (23)
Between these quantities, the following rela-

tionships hold: 2 3
NkCh 2) 2 Nk 1(h 2 )+N2N

*  (24)
NklO) +kkh(10)- (25)
3 3+ 3-N~ 32 )- = k-3 kk

N N = 2 n 2 2T, 11
k  k = 2 2 2 (11) By using (10), (11) and (12), the recursion
1 3+ 2k- k formulas (23) and (24) can be summarised in the

Nk Nk =2 2T =2T (12) following way:
k+ 2 k 3
N+ = 27T Nk2, (13) NkChi) = 2Nk 1 (hi)+2k IT-Nk, i = 1,2;

k = 1,2,3,... (26)

Nk 2Tr2 Nkl(14) (25) together with NiCh3 ) = 0 leads to

2 2 3 k k-n 3
Nk= Il+ Nkl) 2r 2 , (IS) Nk~h3) = Z 2 Nn,

n=2
.1 1. 3N (N1 + N 2 (16) where this last expression can be determined
k (k I Nk 1 1' with the aid of (21):

2k.l k-I
Inserting (15) into (13) and using (10) and (11) 2 2 TTI 1-(Trl 2)

k '

leads to N2k(h3) 1 . 'I 2 1-kT- T
1 -Tl1 2  1IT 1- 1123+ 2 3 ^k 2+_ -5+ 7 -

N 4= Tr N N 2 I . 4TrN~2  (17)k

11 2)
Nk= I2N 2+ . ) = 12 2--"(IT 11 2)k}, k =1,2,3,.... (27') "

Inserting (16) into (14) and using (10) and (12) I

leads to N2k+l 12
N2k+l(h 3 2 1-iT Ir 2k+

3- -k 2 3- kS2Tri T 4r N (18) l-(T1IT2)Nk 12+ 1 2 k-2* 12I -(IT

Addition of (17) and (18) gives

3 k 3 (26) together with Nl(hi) =2 i (i 1,2) leads
Nk 2 nIT T2  1  N- 2  k = 1,2,3,... (19) to

Together with Nk(hi) = k2k Ti-Nkh 3), i = 1,2,;
k = 1,2,3,..., (28)LN 3 = 0, N23 8TT , (20) where Nk(h ) is given by (27). At this time,

1  , 2  1 2  we should Rote, that the Nk(hi) (i = 1,2,3),

given by (27) and (28), are not strictly propor-the recursion formula (19) has the following
tional to the length of the loading programme.solution: Such nonstationary behaviour has already been

l -( i(TT2) k lobserved by one of the authors for the distri-
N 2k k 1 I + 2  k bution of stress-responses of an elastoplastic

2k2 I1 2  material subjected to a stationary but discrete

distribution of strain [13]. For the asympotic

k behaviour of nk(hi), given by (22), (27)-and
N3  2

2k+iT I-(iT 2) (28) together withN 2k+l T T 1 1 2  , k = 1,2-,3.... (21"1)1

2k+l 1 2 12 T <IT.1i 2 4

Let us denote by Nk(hi) (i = 1,2,3) the expected lead to
number of hi - loops contained in the total num- k + = ITIT
ber of 2k possible loading programmes with k h 12 T k- IT I , 2 9
peaks. The expected number nk(hi) of hi - loops 2kh3) i-ITIr T 2  II 2 2 (2T
in one programme of length k is then

Nk(h.)  k o n12.. .. n~2 ' '(hi) = k ,i = 1,2,3; k = 1,2,3,... (22) nkh 1h 2  1 2 2
n.k1h2 ) 1 , (n"(h "-) -"

2 2k+ 3 1..~-.~(2k+l)-2{ I (29"1) '
-1T21 2 -I1IT2

The quantities Nk(hi) satisfy the following
recursion formulas: "
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THERMO-ACOUSTIC SIMULATION OF
CAPTIVE LIGHT ENVIRONMENT

W. Douglas Everett

Pacific Missile Test Center
Point Mugu, California

A test facility and procedure has been developed
wherein the combined thermal and vibration stresses of
capive flight are accurately simulated. The facility is
essentially a large reverberant acoustic chamber within
wihich is a small temperature chamber or shroud. The
flexibility of the thermal shruud is the novel feature of
the facility wherein it contains the temperature
conditioning air to the immedlatt vicinity of the test
missile, yet it is transparent to the acoustic energy which

induces the vibration in the missile. The test procedure is
based on an estimate of the lifetime flight-use environment
for the tested missile in terms of percentage of life at
various flight dynamic pressure (q) conditions.

4

INTRODUCTION
flight life experience of the missile.~Because the quntitative reletLonhip

A test facility and procedure has between vibration level and failure

been developed to provide a realistic rate is not known, it is not possible
simulation of captive flight vibration to determine a mean or representative
and thermal stresses. There was a single vibration level to substitute
problem of combining an acoustic and a for the actual a.uulated lifetime
temperture chamber, wherein each vibration experience of the missile.

normally processes a different kind of The solution to this problem was toI air. The solution was the use of a test with vibration levels repeatedly
thin flexible shroud around.the missile cycled through the operational range of
which separated the temperature projected captive flight experiences 1

S eoi.dittoned air around the missile from witi an allocation of time at the
aiz mcdulator air passing thiugh thi vari..us levels proportioned to the
acoustic chamber. Another problem projected lifetime experience. The
concernd operating at the proper resultant facility and procedure has,.
vibration stress levels in the missile been functioning reliably in the
to simulate the total captive simulation of captive flight stresses.

i03 7



INS MIM

FACILITIES reverberant acoustic facility provides
the vibration stimulus and a closed
loop, high air flow air ccnditioning

The therrno-acoustic facility, facility effects the temperature
shown in Figure 1 is essentially the changes in the AIM~-SL test items. The,
combination of two independent supple thermal shroud, en~closing theI facilities with a supple shroud and of guidance and control se..tion (G&C) of
course the test item being the only the missile, confines the air
cormon elements between the two. A conditioning air flow close to the

It
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* missile surface yet does not interfere simulation, includes four essential
with the accustic pressure waves elements. The first element includes
striking the missiles, the inert ordinance sections of the

missile which, coupled to the tested
guidance and control sections, yields a

Acoustic Facility complete missile and more realistic
vibration responses. The second

The acoustic facility, configured e3ement is the fifty-seven cubic meter
for the AIM-9L captive flight reverberant acoustic chamber which

i

---- --- Figure 2. A11-9L GAC sections within shrouds (top half of shroud raised).
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develops a diffuse reverberant acoustic compressor through a pressure regulator
field around the missile. The third yielding 0.23 kg/s at 276 kPa
element is a ten thousand acoustic watt preissure. The modulator is coupled to
air modulator which, coupled to the the chamber by a Ling Model EC 100chamber by an exponential horn, exponential horn with a computed low
provides the acoustic energy for the cutoff frequency of 100 Hz and a one
reverberant field. The fourth element square meter mouth. The modulator is
is a tape recorded electrical control driven by an amplified electrical
signal which determines the air control signal at levels up to 200 volt
modulator acoustic spectrum and power amperes, corresponding to rated output.
level.

The electrical control signal wabThe AIM-9L test required that four developed with a random noise source
Guidance and Control (G&C) sections be and a manual equalizer to effect
simultaneously evaluated in the realistic vibration responses in the
simulated captive flight environment, missile. Vibration data from a captive
Therefore, the test assembly within the flight of an AIM-90 missile was used as
chamber, shown in Figures I and 2 a reference for realistic captive
includes four complete missiles flight environment. Two pairs, ofsupported on a rigid frame which simply mutually perpendicular accelerometers
supports the inert ordinance sections oriented transverse to the missile
at the motor and warhead sections. A longitudinal axis were used. Each pairone millimeter thick silicone rubber was located at a different major
spacer separates the missile from the structural point in the G&C sectior
semi-circular cradle support of the believed to be in the transmission path
frame, thus decoupling high frequency of vibration energy between the outside
vibration between the two. surface (the source of vibration) and

the internal components (vibrationThe Acoustic Chamber is a sensitive receivers). The PSD analysesrectangular room with 200 millimeter of data from these four accelerometers
thick reinforced concrete walls, were averaged graphically, over 50 Hz
ceiling and floor. The room dimensions bandwidths between zero and two kHz.
are 4.9 meters by 3.8 meters by 3.0 Signals from the same four
meters high which provides a diffuse accelerometers on the same missile,
reverberant acoustic field in the installed in the acoustic chamber were
central six cubic meter test volume at averaged through a multiplexer and thatfrequencies down to one hundred hertz, average signal was analyzed for
The room design is somewhat unusual comparison with the flight data. The
with respect to access ports, which, random noise electrical control signal
including the horns and door, occupy to the modulator was limited to an
approximately 9.3 squAre meters of wall upper frequency of 550 Hz because the
area. The ports are intended to modulator efficiency rapidly declines
provide flexibility in the application at higher frequencies. The
of the chamber to missile tests in a uncontrolled, higher frequency acoustic
simulated captive flight environment, power in the chamber results from
The auxiliary port provisions are as distortion or harmonics of the
follows; 2 each 0.3 meter by 0.6 meter modulator output in the controlled
ports for air conditioning ducts into frequency band. Constant bandwidth
the chamber; 2 each 0.3 meter by 0.6 analysis of the acoustic power in the
meter ports for shaker power cables and higher frequencies shows ancooling hoses and for instrumenttion approximately 6 dB/octave decline. The
cables; a 200 millimeter diameter port equalized control signal was recorded
for exhaust air from the chamber; and a on a continuous loop cartridge type
1.5 meter by 1.5 meter port for access tape recorder to be played back as ato any microwave anechoic chamber and control signal during the test.
simulated target that might be Additionally, signals from a microphone
installed adjacent to the chamber for in the acoustic chamber and
functional tests of a missile. When accelerometers on the missiles werethe ports are not in use a 19 recorded for periodic reference with& millimeter thick steel plate covers the comparable signals during conduct of

A hole, flush with the inside surface of the test.
the chamber.

The air modulator, supplying the Thermal Facility
acoustic energy, is a Ling Model EPT
1094 unit iated at 10,000 acoustic The Thermal Facility consists of;Xwatts. The unit operates on compressed an air conditioning unit and ducts intoair supplied by a large reciprocating the acoustic chamber, shown with the
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air modu3ator and horn assembly in conditioning unit modified to include aFigure 3; ducting to and from the total of 9 kW of heating capacity.enshrouded G&C sections, shown in Cooling is accomplished by circulatingFigures I and 2; and a temperature LN2 through a refrigeration coil in thecontroller sensing the skin temperature air stream. A e.24 kW fan provides airof one of the G&C sections. circulation to and from the test site.
The air conditioner is a The temperature conditioned air isThermotron Model ECA 5 LN2 temperature directed around the G&C sections shown

V-4

I i

i LI

~9 "'t i

I
vR ---

Figure 3. Air Conditioning Unit And Modulator - Horn Assembly.
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TI
in Figure 2. The center pipe supplies internal component of a missile is more
air to the two center missiles and the likely to fail when the vibration level
two smaller end pipes supply air to the is high: at the location of that
two end missiles. Return air to the co'mponent's ,^ailure motion; and at the
air conditioning unit is collected in frequency or frequencies of that
the remaining two intermediate pipes, component's failure motion. It is
The individual turning vanes or scoops difficult to determine the quantitative
in each hole of the supply pipes were relationship between failure rate and
adjusted to yield a constant cross flow vibration level in a complex mechanical
of air along the length of the G&C system like a missile, but there is
sections. The shrouds are made of one some evidence that failure rates are
millimeter thick silicone rubber directly proportional to the vibration
supported by a light steel framework, level to an exponent of 5 plus or minus
The shape of the frame yields an oval 2.(2) If such a relationship is valid
cylindrical shroud with approximately a and It is important to duplicate the
12.7 millimeter clearance from the actual flight failure rate in a
missile at the top and bottom. This laboratory test then it is Important to
relatively small clearance results in accurately simulate the flight
high velocity air flow across the vibration at all points, in all
missile, thus the high heat transfer directions, and at all frequencies in
coefficient which was required for this the missile.
test.

The cumulative captive flight
The temperature controller is a experience of a missile might involve

Honeywell single point temperature flights through various mission
controller reccrder which is modified profiles and therefore exposure to
to include a second temperature set various combinations of flight speeds
point. The contrller senses the skin and altitude. It is possible to
temperature of a C&C section and is project what percentage of the missile
programmed by a timer actuated switch lifetime might be devoted to different
to control that temperature to either mission profiles and as a result derive
the high or low temperature extreme, the percentage of lifetime allocated to

various combinations of flight speed
and altitude. 1b is possible to relate
vibration intensity to those combin-
ations of flight speed and altitude,

TEST PROCEDURE normally through the parameter q, the
flight dynamic pressure.

The test procedure is an Desireably the relationship is
adaptation of the MIL-STD-781B, determined through flight vibration
Reliability Tests procedure, using a measurements, but an alternative for
temerature oycle cu.mbined with acoustic acoustic tests is to use a formula from
instead of mechanical shaker vibration MIL-STD-810C. Available, at least in
inputs. It was intended that this the "proposed" version of MIL-STD-810C,
adaptation would improve the accuracy Table 515.1-11, is a formula whichIn test induced failure rates, defines an acoustic test' level as a

function of flight dynamic pressure in
A ocombination with some physical

Acoustic Test Proceduredescriptons of the missile. The
AIM-9L cumulative captive flight

Previous laboratory test experience in terms of percent of
experience with Navy air launched lifetime at various q conditions was
missiles has shown that reverberant based on projected missions aboard and
acoustic energy excites structural F-14 aircraft. Flight vibration
vibration responses resembling those measurements of an AIM-9 missile aboardresulting from flight. (1) This an F-4 aircraft permitted a
resemblence can be seen when the determination of the relationship of
comparison is made between: the missile vibration intensity to flight q
amplitude of vibration at various conditions. It was therefore possible
points throughout the structure; the to describe the AIM4-9L cumulative
amplitude of vibration in two or more captive flight experience in terms of
directions at the same point in the percent of lifetime allocated to
structure; and the spectral various vibration intensities.
distribution of the vibration energy at
any point and direction in the The flight instrumented missile: ,. structure. Furthermore, experience as was installed in the thermo-acoustic
well as intuition indicates that the test facility and the acoustic spectrum
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was adjusted for the best resemblance yield vibration response levels
of response vibration spectrums to corresponding to those from several
those measured in flight. Figures 4 different flight q conditions. WithX
and 5 show a comparison of the flight that information it was possible to
and acoustic vibration response design an acoustic test that would
spectrums, wherein the flight data simulate the cumulative captive flight
corresponds to approximately twice the experience of the missile. Figure 6 A
q simulated by the acoustic test. The tabulates, vs. percent of lifetime, the
acoustic level was then adjusted to corresponding flight q condition; the
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acoustic sound pressure level, SPL, was changed from one Interval of time
required to yield corresponding to the next to effect acoustic levels,
vibration levels in the missile; and at percentages of tape loop time, equal
for the sake of comparison, the to those tabulated in Figure 6. it is
acoustic SI'L derived from the believed that such a cycling of
MIL-STD-810C f ormula. A continuous acoustic Intensities at representative
loop tape recorded signal to the proportions of time will cause
acoustic noise generator was then realistic flight fatigue failures and
developed wherein the signal strength faililre rates within the missile.
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PART OF CAPTIVE FLIGHT DYNAMIC MISSILE AVERAGE REQUIRED MIL-STD-810C
FLIGHT LIFETIME PRESSURE q VIBRATION RESPONSE ACOUSTIC ACOUSTIC LEVEL

LEVEL
% PSF gRMS dB dB

6 126 0.26 138.8 139.0
16 141 0. 29 139.7 140.O
30 223 o.46 143.8 144.o
10 302 0.62 146.4 46.6

3 355 0.74 147.7 148.o
23 527 1.09 151. 2 151.4

FIGURE 6. AIM-9L CAPTIVE FLIGHT ENVIRONMENT

Thermal Test Procedure CONCLUSION

The thermal test procedure is
similar to the MIL-STD-781B alternative A test facility and procedure has
temperature cycle and was derived from been developed which creates the
a previous test specification for the combined vibration and thermal stresses
missile. The two temperature extremes of a missile's lifetime captive flight
are 233 degrees K and 333 degrees K experience.
which are approximately the same as
those measured during extreme captive This laboratory test method might
flight conditions aboard an aircraft, be preferred to current peacetime
Each temperture extreme, sensed on the captive flight tests for determining
outside surface of the missile, is reliability information for the
maintained for approximately 14.4 ks, following reasons;
including a 1.8 ks transition time from
the other extreme. 1. It allows for more detailed

Fpganalysis of missile failures during theFuture Captive Flight Thermal test;

Simulations may employ temperature
cycles based on the projected 2. It provides rtresses relatcd
cumulative captive flight experience of more nearly to combat use of the

; the missile. If such a technique were missile;
to be applied tc the AIM-9L missile,
using the combination of flight speeds, 3. It can "fly" more missiles (10
altitudes, and percentages of lifetime to 15 missiles) for longer periods of
used for determining the vibration time (continuously) with less resources

intensity cycle. A temperature (2 men and 37 kW of facility power).
tabulation comparable to Figure 6;
could be made. However, because
temperature transients, as well as
extremes, may be important, the
tabulated information might require REFERENCES
supplementary data on transient
temperatures. Another method, made
possible by the responsive thermal 1. Piersol, A. G. and Calkins, J.
facility used in this test, would be C., "SPARROW Missile Captive Flight;
the simulation of the actual flight Simulation of Dynamic Loads."
mission temperature profile or a TP-73-35, Naval Missile Center, Point
representative combination of flight Mugu, California, 1973.
missions could be selected to simulate
the lifetime thermal experience of the
missile with respect to skin 2. Calkins, J. C., Meeker, D. B.
temperature extremes, soak times and and Piersol, A. G., "SPARROW III
transients. Were this alternative (AIM-7E-2) Missile Accelerated
chosen, it would also be possible to Reliability Testing," TP-74-12, Naval
program the acoustic levels to the Missile Center, Point Mugu, California,
flight mission q profile. 1974, (CONFIDENTIAL).
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Discussion scaling, that is scaling the amplitude up to

Mr. Forkois (NRL): Were you successful in ob-
taining any failures of the equipment? You Mr-. Everett: We have a little bit of data,
never sai' anything about failures, and nobody and we paid a lot of money to get it, that
ever says anything about failures in these says you cannot go very far with time scaling
meetings. and so we did not try to do it, we just flew

the missile,
Mr. Everett: Yes, we got a few failures and
they almos seemed to be workmanship typefailures. I think they were having some

experience like that in the fleet at the same
time so there is some encouragement that maybe
we are doing something right.

Mr. Earls (Air Force Flight Dynamics Laboratory)
How did you get the temperature environment?

Mr. Everett: I got that the easy way, I just
took it out of the MIL-STD-781 reliability
test. I really inherited that requirement, it
is a cycle between a high temperature and a low
temperature and we were able to get between the
two temperatures rather quickly which may have
an effect on the stresses in a missile. We make
the transition between -40 F and 140 F (233K
to 333K) and vis versa, as measured on the skin
of the missile, in about a half an hour in a
continuous cycle.

Mr. Liehr (Lockheed Missiles & Space Co): Do
you prefer to test acoustically for captive
flight vibration? When do you test mechanical-
ly with shakers?

Mr. Everett: I think we are presently in a
period of transition; we can do either and
there are reasons to perfer a shaker particular-
ly if you want to combine vibration with
vacuum or some attempt to simulate altitude
which we definitely cannot do with acoustics.
I find that the acoustically exciting vibra-
tion in a missile yields pretty good responses
in the missile in three directions at the
various locations throughout the missile; if
that is what I am after I would use acoustics.

Mr. Edgington (White Sands Missile Range): How
many hours did you run this reliability test
and did you run at each of those profiles that
you showed?

Mr. Everett: We went through that profile in
intensity in a 22 minute loop time and the ;.
loop recorder just kept repeating, so we would
essentially spend about 3 minutes at one
simulated "q" and then another 2 minutes at
the next and so on.

Mr. Edgington: For how many hours did you
conduct the test on these missiles?

Mr. Everett: It was intended to be a 650 hour 3
test, however we had other problems but I guess
we accumulated at least 300 hours of running
time.

Mr. Kana(Southwest Research Institute): Were
you operating in real time or were you time
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THE EFFECT OF SIGNAL CLIPPING IN RANDOM VIBRATXON TESTING

Dr. Alfred G. RatzVibration Instruments Co.
Anaheim, California

The effect of clipping the drive voltage is considered,
when an electrodynamic exciter is used to carry out
wide-band random tests. The theory is worked out, asto how clipping influences the force capacity of the
system: the deeper the clipping, the greater the
capacity. Clipping the drive signal also affects the
motion of the exciter table, generating extraneous
spectra and influencing the peak factor of the acce].-
eration wave. The more severe the clipping, the more
pronounced the effects. The mechanism is explored, as
to how drive-voltage clipping influences the motion,
and examples are given. With the formulae given, one
can specify the clipping level of the drive voltage to
meet the statistical requirements of the motion, with-
out at the same time overdesigning the exciter/drive-
amplifier system.

INTRODUCTION only, inside the range -ks x(t):+k.
For a given value of Iki , the waveform

A common form of vibration of x(t)l is clipped. All values oflx(t)l
testing using an electrodynamic that would otherwise exceed J kl are
exciter involves driving the exciter converted to the value Jkl. Clipping
with a wide-band random signal. The may occur either in the control elec-
objective is to produce an accelera- tronics or in the power amplifier
tion wave form at the exciter table, driving the exciter (Figure I).
that has specific statistical proper- Clipping is especially noticeable when
ties. Usually the two properties of a vibration system is operated at its
interest are the pcwer spectral full force capacity.density function, and the amplitudeprobability density function.

Modern techniques of control
use spectral feedback to establish the
desired power spectral density function Y(W)
of the random acceleration wave, x(t). F--

[,2, 3] aA~L~t~

The amplitude probability
density function is specified to be
Gaussian in nature. It is represented Y. W)L
by p(x) in Equation A-(l), Appendix A. M II IJ,4
The function, p(x), has non-zero values
for all values of x in the range 9o
-<x<+ . As a matter of practical
consideration, brought about by the
finite dynamic range of'the electronic
equipment handling the signal that
drives the electrodynainic exciter, the
amplitude of the random signal has a

the drive signal influences the force
acapacity of a given exciter system. It
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is shown in Appendix D that operating amplifier clipping level, k, to as
with less clipping (i.e., with an in- small a value as possible.
creased value for k) usually reduces
the output force that can be obtained EXCITER-AMPLIFIER SYSTEM CAPABILITY
from the system. The mechanism of
how this occurs is worked out in the The amplifier must be
Appendix. The conclusion is reached matched to the vibration exciter, for
that, to get the greatest force the maximum possible force to be
possible from a shaker system, one generated at the exciter table.
should plan to sacify and to use a Matching is done typically using an
drive-signal clipping level that is as audio transformer, of turns ratio, N,
small as is permissible. as shown in the diagram of Figure I.

The factors influencing the The force developed by the
selection of a particular value of k exciter is proportional to its arma- 4
are therefore of interest. Clipping ture current, Id. The theory of
affects the statistical properties of matching is developed in Appendix D.
the motion at the output of the It is shown how the value of k
exciter. The properties of interest selected for clipping the amplifier
are the amplitude probability density outt dtrmin the amulefuncion nd he pwerspecraloutput, determines the maximum value
function and the power spectraldensity function. The deeper the that can be obtained for Id, and thus

clipping (i.e., the smaller the value sets the force capacity of the system.
of k), the greater the influence of
the clipping on the statistics of the Figure XI illustrates a
motion. The precise nature of the graphical approach to the matching

influence of signal clipping on the calculation. An example of what is
statistics is worked out in the Appen- typical in practice, is illustrated
dices. Knowledge of the relationships by an 80000-newton exciter, being
between the statistical effects and driven by a 60 KVA amplifier. The

the clipping level inducing them, is test spectrum is flat white, 20 Hz to
of some importance, since it permits 2000 Hz. Results are shown in Table I.
one to set a rational value of k.
Once the value of k is determined, the TABLE I Force
4xciter/amplifier system can be sized. k FeS &xcter/rnplfier(Newtuins)r

Many system performance 2.5 53,900
specifications specifically define the 2.7 50,600
acceptable value required of the peak 2.8 47,800
factor of the random wave generated 3.0 45,000

during a vibration test. There appears
however, to be some inconsistency, as obviously, to get the most
we go from specification to specifica- out of such a system one should use
tion, in the definitions. Some speci- as small a value of k as is practi-
fications establish the peak factor of cable.
the acceleration waveform. Others
set the peak factor of the voltage Spectrum Generation. As the
driving the shaker armature. (With clipping becomes more severe several
each definition, the requirement is adverse statistical effects develop.
usually for the signal to maintain a The first of these is the generation
Gaussian amplitude probability density of a second random signal, which is
out to a level that is three times its superimposed on the original. This
rms value.) The two definitions are extraneous signal acts almost like an
not equivalent. The preferred defini- uncorrelated background noise: for
tion would seem to be that related to example, its spectrum cannot be shaped
the acceleration waveform. The peak or otherwise controlled by the Control
factor of the output voltage of the Electronics (Figure I).
driving amplifier need only be good Tt
enough, to yield a satisfactory accel- The theory of the generation
eration waveform. As stated above, of the extraneous signal is developed
since the larger peak factor capability in Appendix A. The spectrum of the

A at the amplifier, necesitated to meet new wave and that of the original wave

Sthe definition related to amplifier are related through their correlation
output, must be paid for with a reduced functions. Equation A-(7) illustrates.... a~ , .... e ,,the relationship. usually, for the ,>

SC' ~~force capacity from the system or by terltosi.Uuly o h
:- %79 z incre.asedsystem costs.... fr a. g n values of k that are typically used

force, it is essential to set the with random testing, only the first
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two terms of A-(7) are significant, of the original signal is given in
The constants A and A are functions -B-(6). In most practical cases, the
of k only. The normalized correlation values of k of interest are those
function of the original unclipped between 2.5 and 3.0. For these, PL
signal is given by r(T) in A-(18): as has the following corresponding values.
the equations show, the precise
form of r(T)depends on the shape of TABLE II
the spectral plot of the original k 10 log PT (dB)
random signal. The correlation 2.5 -27.3
function.of the superimposed signal is 2.6 -28.8
r3 (T). Using A-(19), we can convert 2.7 -30.3

r3 (T) into its spectral equivalent. 2.8 -31.8
3.0 -34.8

To sum up, from the original
spectrum, W(w), we determine r(T).
Then, from r3 (T), we determine W (w), To see how the results of
the spectrum of the extraneous signal. Table II can be applied, let us con-
The two spectra are scaled by the sider an electrodynamic exciter
factor, p , given in A-(16), this factor driving a mass load, equalized to a
depends solely on k. Thus we have a flat white spectrum, 20 Hz to 2 kHz.
method of computing the spectrum of Figure II illustrates the programmed
the extraneous signal generated by spectrum, IY(w)12,as well as IX(w)12 ,
clipping the original wave. the spectrum typically belonging to the

signal driving into the exciter arma-
The frequency response, H(w), ture. The frequency fr is the axial

of the exciter and its specimen, is resonance of the exciter. For large
often quite complex. If the accelera- exciters, it occurs in the upper-
tion power density at the exciter frequency portion of the test spectrum,
table is to conform tolY(w)12 , then the as shown in Figure II. Above the
spectrumIX( )I 2 of the voltage, x(t), frequency fb, the drive spectrum is
driving the exciter (Figure I) must be decreased, as the effect of the axial
servo-controlled to be: resonance comes into play. As shown,

most of the energy in the drive signal
l ia 2 ]occurs over the spectral region from

iX(w)12= 1  yT)I2] (1) 20 Hz to fb Hz. If we approximate the
1 Ha 1  -drive spectrum by a flat wh.te noise to

fb Hz, we can obtain from Table II the
If IY(.,) 2 is a function that level of the spectrum of the "noise"

has some complexity, IX(w)12 can be floor induced by the clipping. This
seen from (1) to be even more complex, spectrum is shown to be flat out to
because of H(w). 3fb, and thus it overlaps the exciter

axial frequency, fr" We can now estab-
One must resort to computer lish the largest value of the Q-factor

methods, to derive r(T) from IX(w) 2, of the axial resonance that can be
with any accuracy, and then to go on tolerated. If we hope to maintain a -

to generate r3 (T) and W3(w). Our flat output spectrum, IY(w)I 2, at all
present approach is to employ one or frequencies between 20 Hz and 2000 Hz,
two simple Lasic forms for H(w). The then we must make sure that the effect
results can now be worked out analy- of the "extraneous noise" does not
tically. At the same time, the con- cause a peak at the axial frequency
clusions are applicable to the exciter that cannot be equalized.

operation, to the extent of giving
practical guidelines that are useful The automatic equalizer can, Aand reliable. For the first simplifi- of course, shut off the drive spectrum

A cation, we giveH(w) the response form at the axial frequency, as is shown in
of a simple low-pass filter, as Figure II, but it has no control over
represented by WL((w) . in Appendix B, the "extraneous noise". The axial
the general theory of Appendix A, is resonance amplifies the spectrum of theapplied to WL(01), driven by a flat "extraneous noise". For satisfactory
white random wave. The extraneous operation, therefore, the amplified 2signal generated by the clipping has a spectrum must be kept less than IY( J)l2
spectrum, W 3L(w), plotted in Figure IV: Satisfactory operating conditions exist

its bandwidth is three times that of when
the original wave, ¢-20 log Q -10 log PL 0

The ratio, PL, between the
psd of this extraneous signal and that Or Q <

-'1-5



For a value of Q equal to

15, as is typical, W is given by the
4values tabulated in Table IV, for

various values of k.

TABLE IV

PIZOGOAM (w)) kW
(dB)

2.5 4.0
2.6 5.52.8 7.0

3.0 8.5
0R I\ 3.0 11.5
VOLTAre .

U.h a2KWIL The only sure way of sup-
f--L 5-pressing the anomaly at fr Hz, as

shown in Figure III, is to use a low-
pass filter, with its -3dB cut-off
frequency set to 2 kHz. Unfortunately,

Figure II - Equalizer Spectra 3uch a filter is not always practical.

From Table II, we can deduce The example is also given in
* the limiting values of Q for various Appendix B of a clipped narrow-band

values of k. These are tabulated in random wave. This is of particular
Table III: interest, if the system is to be

equalized to produce a spectrum IY(-;)I
TABLE III at the exciter table when the specimen

has a prominent notch in its responsek Q at Axial function. This notch must be equalized.
(Maximum) The spectrum of the drive voltage must,

2.5 23 of course, peak up at the frequency of
2.6 27.5 the notch. If the notch has a large
2.8 39 Q-factor, the effect of any clipping
3.0 55 is obviously to produce a nar:ow-band

extraneous signal centered at a fre-
Typically, exciter axial quency that is three times that of the

resonances have Q-factors of the order notch. Usually, since the spectral
of 15. Thus it would seem that clip- peaks are masked by the rest of the
ping is not a consideration, limiting drive spectrum, the effect is not
the ability of a system to equalize significant. It is mentioned here,
the axial resonance of an exciter, for however, since it is the only mech-a flat white output spectrum. anism whereby a harmonically-related

extraneous offect cen be generated
For smaller exciters, the through the action .f clipping.

value of the axial frequency, fr, may
exceed 2000 Hz; now, the extraneous Regeneration of the Peaksspectrum generated by the clipping, of a Random Wave. As has been
with its bandwidth three times the discussed above, there is an economic
drive bandwidth, may excite the axial advantage to holding the peak factor of
resonance preventing its complete the voltage driving the exciter to as
suppression. Figure III illustrates low value as is possible. On the other 1j the effect. The axial causes a narrow hand, the acceleration signal is
band of noise to occur, as shown, W dB usually required to be Gaussian. Any
below the test level: heavy clipping is considered intoler-able by most workers in the field.

W = 20 log Q -10 log Fortunately, the transfer-function of
the exciter, H(w), severely reactive
as it is, tends to restore the Gaussian
character of a signal, and the peak
factor of the acceleration wave there-

__ fore exceeds that of the drive voltage
by a significant amount. The fact hasIL [Wdb been widely observed qualitatively.

The objective here is to establish a
means of getting a quantitative measure

120"0 200$4t for the increase in peak factor, so
that, for example, if the acceleration
wave is required to be Gaussian out toFigure III- Spectral Spur
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a value of k equal to three, it is there are several resonant effects in
possible to compute exactly the more an exciter, of which the axial reso-
severe clipping level permitted at the nance is only one.
output of the power amplifier.

As the shaker size decreases

The general theory is worked the axial-resonance frequency in-
out in Appendix C. A quantity, PM, creases, (and thus moves outside
defined by C-(7), is used as a measure the operating frequency band). In
of the effectiveness of the transfer- Figure VII decreases. It is not
function to restore the peak factor, until Qa is less than 0.75, however,
The improved peak factor, Kv , is given that a state of affairs is reached in
as a function of PM, both in C-(18), which the axial resonance affords no
and in the plot of Figure VI. We see assistance. The frequency effects
that a value of P 2:1 restores the that occur in a shaker, are certainly
acceleration wavelorm to a peak factor not limited to the simple tuned system
of three sigma, independent of the of Appendix C. Each of the several
aw.unt of clipping of the drive voltage individual resonance effects in the
for all but the deepest clipping, shaker contributes somewhat to peak-

factor restoration. It is not even
To determine the efficacy of necessary to have resonances to obtain

the exciter and specimen transfer- contributions to peak factor restora.-
functions to restore the peak factor tion. Thus a simple low-pass network
for the general case requires computer generates significant values of PM ,
assistance, because of zhe complex provided 0 , the upper frequency limit
nature of the frequency functions of the spectrum, normalized to the
involved. break-point of the network response,

is of the order of unity or greater.

the effect of the complex reactive With an exciter, however,
i transfer characteristics, examples are the axial resonance is the dominantF worked out in Appendix C, using simple phenomenon, and so the representative

basic circuits to represent H(w). Of resonance system of Appendix C can be
considerable interest is the effect of used to estimate peak factor restora-
a second-order tuned system, to be tion. Thus, all but the very smallest
equalized flat over the band from zero exciters will exhibit significant
frequency to 0 a. (Note: a is the fre- restorations.
quency in Hz normalized by the resonance
frequency). The system is aimed at Enhancement of the peak factor
approximating the effuct of the axial is also assisted to some extent by the
resonance of the exciter. In the plot extraneous spectrum generated by the
of Figure VII, the frequency of axial clipping action, discussed previously.
resonance is set at unity. Thus, if The effect, however, is ignored here,
0 a is greater than unity, the axial since calculations indicate its in-
resonance has its 'frequency inside the fluence is somewhat minor, compared to
bandwidth of the spectrum. The condi- that of the reactive transfer-function
tion is typical of the larger exciters. of the exciter.
A value forta of 1.3 is representative:
examination of the curves shows that, CONCLUSION
for all values of the damping factor,
c, from near critical to highly The clipping permitted of
resonant, PM is very significant, the drive voltage affects the random
approaching (or indeed often exceeding) force rating of a vibration system.
unity in value. The value of PM from It is desirable to clip the voltage
the plot of Figure VII is now used to as deeply as possible.
enter the plot of Figure VI. The plot
of Figure VI shows that the peak factor
is again restored to the three-signal The acceleration signal is
level, except for those cases where the generally required to be Gaussian out
amplifier output is most severely to at least three sigma. With it,
clipped, heavy clipping is not desirable. For-

tunately, the frequency response of the
. onc Based on the above examples, vibration exciter and its specimen

one can conclude that, with shakers of restores the peak factor. The amount
, ,the larger size, : three-sigma peak of restoration to be expected can be

tactor is restored at the accelerometer conservatively estimated by the formulae
for any practical level of clipping of developed in Appendix C. A rule-of-
the amplifie qignal. The conclusion thumb approximation is given in the
is rendered stronger, when one recalls Appendix, that is widely applicable.
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Clipping of the drive The correlation function of x(t) is
voltage induces a new spectrum, which given by R(T):
acts as a uncontrollable background +g +a
noisa on the acceleration wave. The
amount of clipping permitted must be R(T) =  f x •7 p(xY)dx d7 A-(5)
judged with this extraneous noise -0-9
taken into consideration. Exact Let x (t) represent x(t) clipped at
formulae are given for the purpose in +k. The correlation function, Rc(T),
Appendix A, with rule-of-thumb approxi- of xc(t) is still obtained using the
mations in Appendix B. integral of A-(5). Now, however, all

the probability associated with the
if three-sigma (k=3) accel- values of x(t) outside the range -k to

eration waveforms are desired, the rule- +k is assigned to x = -k and x =+k,
of-thumb approximations for both the appropriately. Substituting the series
peak-factor restoral.ion and the expansion for p(x,y) from A-(4) reduces
generation of the extraneous wide-band the problem to evaluating integrals of
"noise" spectrum, indicate that voltage the form of:
clipping as deep as 2.7 sigma is +k +0
quite acceptable for almost every (n (n)
practical case; in most cases, indeed, - xp(x)dx , + ' kp(x)dx,
2.5 sigma is acceptable.
APPENDIX A : Spectrum Generation by We can now write Rc(T) as an
Clipping a Gaussian Signal infinite series (i is an integer):

i=00
Let x(t) be the time R ) i

history of a random wave with c
stationary Gaussian properties.
If x(t) is clipped at +k and at -k, For all even values of i, A. is zero.
the effect is to generate extraneous Hence, 1

random spectra. It is the purpose of
the present Appendix to work out the Rc (T)=A (T)+A3r (T)+A5r5
mechanism by which the additional A-(7)
spectra are generated, rnd to end up
with a general formula that can be A1 4 [P(k)] 2 A-(8)
applied to any situation.

dniy The amplitude probability A3 = 3 [p()(k A-(9)
density function of x(t) is given by
p(x) in A-(l). The rms level of x(t) _ (
has been normalized to a value of unity. A5 =0 [p= (k)2 A-(0)

p(x) = (1/ r exp (-x 2 /2) A-(l) 30
A. 4 (i-2) i odd A-l)

The joint probability density function F. (

of x(t) is given by p(x,y) in:

exp P(k) = p(x) dx A-(12)

-2rxT)/(l-r2 ) " A-(2)

Here T is the value of x, taken T i4, i(i-l) (i-2)...1 A-(13)
seconds after the corresponding value For the accuracy requirements
of x. The parameter r is the normal- of most practical cases, we can cut
ized autocorrelation function: it is off the series of A-(7) at the second
a function of T; i.e., term. In A-(7), r(T), of course, is

the normalized autocorrelation function
r = r(T) A-3) of the original unclipped waveform.

The function, r3(T), is the normalized
Using the work of Stieljes and Sheppard, ThefUc tini thnoma ew

-(2) an b writen:autocorrelation function of a new

action. The total power in the original

P(x = p) n (r~ A-(4) malization of the data(See A-(),above.)

The effect of clipping is to K
Here p (x) is the n-th derivative reduce the power in the original wave
o f rom a

1% , -



I
from S to the value S passing white noise through a low-pass0 1filter, having a cutoff frequency of

w (rad/aec). If the noise power at
S1 = Alr() =A 1  A(14) the filter output is normalized to

unity, the spectral density of the un-
The total power associated with the clipped wave is given by WL(W):
extraneous spectrum is S3 : w 2 1 B-(l)WL (w =Wo T 2)i-me

S = A r3(0) = A A-(15)
S 3  A~rwhere

3 33wee w/wo  B-(2)

The ratio, P, s3 to Sl, is given by:

The correlation function
S A corresponding to W (w), defined as

S1  A3  i6 i[ A-(16) r (T), is obtainedLby applying A-(17)
S Aj a d A-(18) to WL(W). Since WL(w) is

in the normalized form, R(O) is equal
If W(w) is the power spec- to unity, and rL(T) is therefore given

tral density plot of the original
unclipped wave, x(t), then, from the
Wiener-Khintschine relationships, rL(T) = exp (-woT) B-(3)

TThe extraneous spectrum gener-
R(T) = W(w) cos wT dw A-(17) ated by clipping x(t), is obtained by

0 inserting rL(T) for r(T) in A-(19).
Let us call the resulting spectrum

r (T) =  A-(18) W3L(w)•
R 0) A B-(4)2 3__ 1

In the present discussion, all signals W3L() 2 " 3 1
have been normalized, and R(O) is 

w [ + (t/3) 2]

equal to unity. The extraneous spec- The original spectrum is
trum generated by clipping is given attenuated by the factor, A , as shown
by W 3 (w) in: in A-(20). Of interest is 1he ratio

A-(19) PL:
W3(w) = r 3(T) cOSwT dT W3L (O) \A 1

o _L3)=P/3 B-1(5)

The original spectrum W(w), is attenua-
ted by a constant factor A1 , under the WL lL(wan
influence of clipping: Plots Of w)M w n

ic (w) are given in Figure IV. The

Ww A-(20) pts illustrate the fact that the new
AW( A-spectrum generated by clipping has a

bandwidth three times that of the

The constants A and A are tabulated original signal. The flat portion of
as functions of in TAble A-I. the new spectrum is (-10 log PL)dB

.. below that of the attenuated (by clip-
TABLE A-I ping) original spectrum.

k A1  A3  10 log

X10 2  dB

2.0 0.91 1.82 -17 -WL W
2.2 0.94 1.22 -19
2.4 0.98 0.79 -21 -1 ./- r lo IuLp'(At'U (c )

2.6 0.99 0.40 -24
2.8 1.00 0.20 -27 L ! /-.-

3.0 1.00 0.10 -30L.-
L4.0 1.00 0.025 -56

APPENDIX B: Examples of Spectrum - -------- W
Generation by Clipping.

Low-Pass Spectrum. Suppose Figure IV - Clipping Spectra (Low Pass)
the unclipped signal, x(t) is formed by
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10 log PL = 4.8+10 logP B-(6) 10 log Pcb 11 + 10 log P B-(12)

Thus, for various values of Thus, for various values of k, 10
k, 10 log PL can be computed using log Pca and 10 log Pcb can be computed
Table A-I. from Table A-I.

Band-Pass Spectrum. Suppose
the unclipped random signal, x(t), is
formed by passing white noise through
a sharply-tuned single-tuned circuit.
Suppose Wc (rad/sec) is the resonance
frequency, and D (rad/sec) is the -3 dB
bandwidth. /--TNUAre SPM2UM, A, w, (.

If Wc (w) is the normalized /ORVL% .W, W

spectral density of x(t), the auto- -_ /
correlation function, rb(T), is given I
by substituting Wc(w) for W(w) in wt
A-(17). Recalling that R(O) = 1, we III ('°'c ")
get for rb(T):

rb(T) = exp(- VD)- cos (wcT) I II I W3 \. / 3, b

B-(7)

The extraneous spectrum 3 D. 2 -
generated by clipping is now given by
substituting rb(T) for r(T) in A-(19): Figure V - Clipping Spectral(Bandpass)
let the value of W3 (w) so obtained be
defined as W3 (w). The determinationf WAPPENDIX C: Effect of System Transfer-

3cw Function on the Peak Factor of a
S[c Clipped Waveform

rb3(T)= exp(- TD). OS 3wcT +
Lc It is a well known experimental

3 cos wcT B-(8) fact that a random waveform clipped at
+k and at -k, and passed through a

Inserting rb' (T) in A-(19), network with a frequency response
as proposed above, results in a spec- having reactive components, tends to
trum with two parts: have its peak values restored. The

transfer-function of the network is
(a) A narrowband spectrum with the mechanism whereby the peak factor
the same shape as the plot of is restored; this Appendix develops
Wc(W), centered at Wc, but with several formulae predicting the res-
a bandwidth equal to 3D. The toration of the peak factor for a given
magnitude of this spectrum is transfer-function.
defined by the ratio pStca Suppole the Gaussian random

P = P/4 B-(9) noise signal, x(t), clipped at +k,
( ' be represented as in Appendix A by Ai

(b) A narrowband spectrum of the tse input signal o a transfer-function

same shape as W (w), centered at H(W); let y(t) represent the corre-
3wc, with a bangwidth equal to 3D. sponding output signal.
The magnitude of this spectrum is Let y(w) (= Iy(w)I arg d(w)
defined by the ratio Pcb: be the Fourier transform of y(t). Let

W3c(3wc) -  A3 X(w) (=IX(w)l arg 8(w)) represent the'I ~~_ -cb =) /P/12 B- (10) Fourier transform of xC(t:). The values -,
cb K ) 12 A)of IX(w)I and e(w) are such that, when

all the frequency components are

Plots of Wc(w) , W's(w) comined, tho clipped wave, x (t) is AN&
and A1Wc(w) are given in Figur V. The generated. The waveform of y~t) is
two spectral peaks of at wc and identical to that of xc(t), provided

H(w) is resistive only. Thus, with
at 3w relative to AlW0 (W), H(w) resistive, y(t) is clipped in the
respectively, by: identical fashion to x (t). But if,

for any reason, H(w) ( I H(w) argh(w)) l"10 log Pca =6 + 10 log P B-(120
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is reactive or has reactive components,
the frequency components of y(t) no IZ (w)I dw
longer have the correct amplitude and - C-(6)
phase relationships, to maintaii, its 2 lyc(w), 2dw
waveform clipped identically to that 0 d
of xc(t). The clipping tends to de-
generate and highex peak factors are The ratio P is a key para-
obtained, the more the functions meter in estimating he enhancement of
and d(w) differ.from IX(w)l and e(w), the peak factor.
respect ively.

Flat-White Output Spectrum.

The time history, y(t),can The ccndition of interest is that when
be considered as made up of: (1) a the output signal is servo controlled.
time history yc(t), with its spectrum Thus, if the output spectrum is equal-
Yc(w), having a waveform identical to ized to be band-limited flat white,
the clipped wave xc(t), plus (2) a from zero frequency to a wa rad/sec,
waveform z(t), with its spectrum Z(w), C-(6) can now be written:
which can be considered a maskinQ wave,
superimposed on y.(t): 2oWa -2Z~)= y(w) - yc(W) C-(1) M2 o (I+HQ-2)dw-2 c )

Z0 wa 
H0

- 2 
dw

Obvious]y (to is a constant):

Yc(t) = MXc(t-to) - 2 = - Cos hw.dw +

and LJ [ wa -i]2

SYc (W)I = M IX'w)I arga C-(3) HO sin hw dw C-(7a)

s s Here the constant M repre- T

sents a gain, and the anglea a constant The value of M to be sub-
phase angle applied to each spectral stituted into c-(5) is given by:

line. The correct values of M and a
are those for which the masking effect
of z(t) is a minimum. This is assumed M =C(8)
to occur when z (t)2 is a minimum. M Ho'2 dw

0

We can compute the value of
IZ(w)l from the vector diagram relating
Z(=IZ(w)I), X (=IX(w)l), and Y (=iY(w)i): Peak Factor. The problem of

Vdetermining the peak factor of a given

Y2= Y2 + -
2YcY cos (h-e) random wave is closely related to

S =odetermining the closeness of approxi-
2 1i + IHo(W)1 2 -2 IHo(W)Il mation of its probability density

Y2 [ function to the Gaussian. A techniquefor estimating quantitatively how

cos (h - a)] C-(4) closely the Gaussian is approached is
based on the use of Edgeworth's series.

In C-(4):
For an ac waveform, x(t), theHo Ho M C-(5) amplitude probability density function

is given by GE( W):

2 By applying to the integral 1 u3  (3)
of Z the processes to obtain the mini- GE(x) = G(x) - - 2G (x) +
mum we 6btain the values of the parame- u 2
ter M anda :for which (z4) is a minimum. 1 3
With the use of C-(4), the minimizing 2 2
values of M anda are substituted into: 2

(mean square of the maskinq lou
2 signal, z(t)) u 3 G(5

/mean square of the portion of u
(the output wave with the same 2
(time history as xc(t) 1 10 U32 G(6 ) (X) C-(9)

4W

x

with G (X) =p (x-) . C-(10)
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775 -77 7- 77

Here,v is the rms value of x(t) and Table C-I tabulates the values
p(x) is obtained from A-(l) G(JM (x) is of the coefficient of excess for the
the j-th derivative of G(x). Cramer various pertinent levels of clipping.
[5] shows that, for the type of
conditions arising with instrumentation TABLE C-I
signals, G (x) is an asymptotic expan-
sion in tepms of G(x) and G(J)(x): Peak Factor Coefficient
the remainder term is of the same order of Clipping of Excess
of magnitude as the first term Mk} (C) .
neglected.

2.5 -0.25
The quantity u. is the 2.6 -0.20

i-th central moment; with x(t) sym- 2.7 -0.15
metrical about zero, the odd central 2.8 -0.13
moments are zero in value, so that 2.9 -0.10
C-(9) reduces to 3.0 -0.08

3.2 -0.05
GE(x) = G(x) + (X C ( ) 3.5 -0.02

C-EI) 4 0.000

Since z(t) is truly Gaussian,The quantity C is defined as superimposing it on yc(t) reduces the
the coefficient of excess. From C-(ll), absolute value of the coefficient of
we see that excess of the wave, and increases thef 4 peak factor. A conservative method of

C = - 3 C-(12) estimating the enhancement of the peak
2

J factor is to first enter Table C-I,
with the value of k, and obtain the

As is well-known, for a corresponding value of C. Next, from
truly Gaussian wave, C is zero. Thus, C-(6) (or C-(7) if applicable), deduce
C is zero for the unclipped wave, x(t). PMO and compute the effect of z(t) on

C. The coefficient of excess Cc with
For xt), the coefficient z(t) superimposed on yc(t), is given by:

of excess is obtained by first comput- C
ing u2 and u4 for the clipped wave Cc = C C-(17)

u2 14 P+

k Here, C is the coefficient of excessu2 = for oxc (t) alone.
u2 x2G(x)dx + 2k2 ./G(x)dx

k Now, enter Cc, the new valueC-(13) of C, into Table C-I, and deduce the1 [ +k 2enhanced value of k for the "combined"
u4  1 ._ e-/2+k z+ wave, y(t). (Call this value Ky.)

4, 4 _ /2
Plots of versus PM (and

0 1 arePM given in Fi ure VI, for various
2k4  e -X2/2dx C-(14) values of k. For PM< 0.8 , we can write:

k Ky= k + 0.4Pm C- (18)

Clipping affects the rms 0
value of the wave, reducing it from
a to s

5=C-(15) 4
I ~~s I lS =-2-- -

We can define a clipping 0 YJ;
ratio, K: 2.7

K k C-(16)• ri2,' - "I- t-..... t... .. -- -I ^ z
For the range of clipping o .as s s .is 0,5 ,.7S 2.0 eM1

• that we are interested in, K is within
AY/ of k, so that, to the accuracy of 0 .7 7 I 22 141
the calculations, K and k can be used

*.,.!. interchangeably. Figure VI - Peak Factor Enhancement
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Example: A Second-Order Transfer Investigation reveals that

Function Equalized Flat Over a Band there is always a significant enhance-
from Zero Frequency to Wa gad/Sec. ment of the peak factor, if H(w) has

effective reactive components.

The objective here is to use Computer assisted computations are
t ao Thery oenvere so uin order, once the plots of Y(w) andteaoetertognrtsoeH(w) depart in complexity from those

simplified formulae that can be used as
practical guides in a given physical of the simpler systems.
situation. (Accurate calculations will APPENDIX D: Effect of Clipping,still have to be based on the formulae Exciter/Amplifier Matchingof C-(6) and C-(7) for a real exciter.) E t m e c

spcy l It is very important to match
For simplicity, let (wr the exciter to its driving amplifier,: frequency of resonance):fto assure optimum transfer of power.

Wa Matching is usually done using an audio 4
-- C-(19) transformer. The new solid state

Wr a wr amplifiers have made possible new
direct-coupled techniques. However,

A representation form for for the purpose here, to illustrate
the transfer function of a second- the influence of clipping on the
order system is 1H1 1 (= IH1 (0)l): matching, the more customary method of

using a transformer is employed.SHl J=  1C-(20)2 2 2 Three factors influence the
(-,)+ 4 A matching: the output-current capacity

of the amplifier power supply, the
h = arc cos (AH C-(21) power dissipation limit of the ampli-

fier, and the amplifier clipping limits.

A = (1-c2 c-(22) Both the power supply output current
and the power dissipation limits of the

Substituting 1H1 1 in C-(7) amplifier are affected by the clippingto some extent: the influence of a
yields the plots of PM 2 versus Aa in clipping here is minor compared to the
Figure VII. If one knows the relative cedmain clipping limit; however, it is notvalue of wa versus the frequency of "I
resonance, one can, for a given amount i a
of damping, enter the plot of Figure Power Supply Current Capacity.
VII, and determine P 2 sing p 2 inoe upl uretcpciUsing M2 in The amplifier driving an exciter is
C-(17) or C-(18), ang if needed, refer- The mpif erariin a exc Te
ring to Table C-I,one can compute the designed to operate in Class B. The
resulting peak factor, Kcurrent demanded of the power supply

r g f .is related to the load current by the
turns ratio of the transformer. The
load current is assumed to be Gaussian,
clipped at tkId. Here Id is the rms

-. value of the current with clipping
removed. If i is the instantaneous

PM value of the load current, the average
power supply current is given by I"dc
in:

I" _ 2 kId '.

Vkid

1.0 = dc N di

+ .- ki d ,f~. di D-l

tild d.
0.5-0

C Here the function # (x/) isc-0.---- given by:

- 2)

0
0 0.5 1. 1.5 The quantity N is the tiurns

, , FigrEVI -Masin SinaRaioratio of the audio transformer coupling
amplifier and exciter. See Figure I.
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Of interest is the rms level the dissipated power Pd is given by:
of the exciter current, I"d, when the I
clipping is finite: Pd = 2 v, i D-(7)

d a k+'kI Now, the voltage v is related to the

I2P(kId) - . voltage v across the primary of the
d/l 2audio trasformer.

D-(3)
- B - VT D-(8)

Here P(x) = dy D-(4) Here, EB is the dc voltage A
GT of the amplifier power supply. Com-

bining D-(7) and D-(8), we get, forSCombining equations, we P -9

obtain: d = B Idc-Pc D-(9)
II = D-(5) where P is the output power. If the

1dc1 D N clipping level is finite, I i

The constant is a function of the replaced by Vdc The quantity P is
clipping level, k. It is plotted in given by 0

Figure VIII. 0i Pc =f (f) df D-(10) -
EquAtion D-(5) is most 0

conveniently used in its logarithmicfr:where ;(f) is the power spectraldensity into the load, given .i Watts

log I1d= log N + log I"clog D per Hz, and

D-(6)
S (f) = (f) - R(f) D-(11)

xx
Thus we see that for heavier clipping,
when the value of k is reduced, the I (f) is the "power" spectral density
value of K, drops accordingly, and the ofxthe current, in Amperes Sqd per Hz;
permitted alue of I"dc increases. R(f) is the real component of the
Clipping therefore tends to improve impedance of the shaker presented to
the perfomance of the amplifier power the amplifier through the transformer.
supply. For simplicity, it is useful to set P

equal to Id2R. R is defined as hhe 0
"average noise resistance" of the load.
Each time the test spectrum is changed,
Ixx(f ) is changed. In turn, a change
ioI xx(f) means a change in Z(f). But,
for any given I (f), R is independent

V KO Of Id' since 4 1f
I 2  0

Sd Ix (f) df D-(12)-_ ,
__.0_ 0

0.8 -- Combining the above equations
yields, for infinite clipping:

0.7 I [20 lOgl0Id = 20 logl0N-20 log O.
8EB

2.5 5.0 3.5 + 20 log (P + 1d 2R  D-(13)

Figure VIII - Current Constant By making Pd the maximum permissible
dissipation, this equation sets the

Amplifier Power Dissipation second limit on amplifier output,
Limit. The output stage of the ampli- amplifier based on power dissipation.

j. fier is push-pull in form. The average
power dissipated in the push-pull out- As stated, D-(13) is for the

,, - J put stage is twice that dissipated in infinite-clipping case only. A study
' . one side of the output stage. In other of the effect of finite clipping indi-
'4 words, if v(t) and i(t) are the cates there are no practical adjustments, , . instantaneous values of voltage and needed for the relationship, for

",-° ... current, for rne side of the push-pull 2.2 k5.

output stage of the amplifier, then
u s124



5

Amplifier Clippinq Limit.

The peak factor has considerable in- p(v, i 1.. exp
fluence on the clipping performance of p
the amplifier, as one would expect.
The analysis of the clipping limitation
uses the joint probability between V2 i2 + 12v2 -2P, • vi
current i and voltage, v. The proba- D-(15)
bility is found of the instantaneous 2SI
operating point falling into the 22
clipping region of the output stage. where S= V Id Po D-(16)

The characteristics of the
output tube are shown is Figure IX. and V and I are the rms values of v
We can arrange that the plot of Figure and i, respectively, P0 is the total
IX applies to ac signals only, if we output power as before. The proba-
employ the point P as the origin. bility of clipping is given by nc:Areas An and A are clipping regions. 2f
The plot can bi translated to represent c  f= p(v

conditions on the secondary side of
the matching transformer. If v and i
now represent the instantaneous voltage The integration is taken over the

the mtchin tranforme. If andcliTheingraos an beoesthand current, respectively, on the clipping areas, andflc becomes:
secondary side of the transformer, the 0
slope of the clipping line isQLil). nc 2J dif p(v,i) dv D-(18)
The clipping effects dtie to thergrid vc
drivers is ignored here because of
their relative unimportanc- Curve i)
Ecm (Figure IX) is represen, ,d by: where vc - r-(-

EB
v = B r i D-(14) We once again employ R, the average

N N2  noise resistance. We also define an
"average noise impedance," Z, equal
to (V/I ). Changes in the spectral

E-b distributions of I (f) and V (f),
xxO 2 3 4KV as is shown below, change Id x nd

V, but for any given relative distri-
bution, Z is indeed a constant. Note
that

3AA O
/ t = fVx(f)df = flxx(x) Jz(f)j2 df

- 00 0 0
- o A

' -' -2 00fi df -22
Sw I f I'xx' Zd d D-(20)

Q- , 
0

4Hence, we can rewrite P(v,i) as

0 0 1 -xp [v2 + 2i2 - Rvi

0p(v,i) 2nrI2 i2 e d (X2)

Z D-(21)
%\00 ' D X2  2 R2

where X -R D-(22)

k""Normalizing i and v further simplifies

h the result; let us write:

i/I = v - Ri D-(23)
I X

-C ~ KVd
Modifying D-(21), and combining it/- . ?Eb

-, b with D-(18) gives:
Figure IX - Tube Characteristics 1 2

The joint probability density rela- c
tionship, p(v, i), is given by:
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i *2_ limiting case is achieved by assuming
1 exp - dw D-(25) a truly resistive load (X=0); then

v and i are completely correlated. D
and H both go to infinity, but

where L = D - H-0

From D-(23), D and H can be shown to D/H = N -D>a D-(30)
be given by Id(h+RN 2)

E
D = NidX D-(26) Thus, the curves of Figure X approach

NIXthe same "resistive" asymptote at

and 2 irffinity, regardless of the value of
H r + RN D-(27) nc used. It is now possible to derive

XN 2  a "clipping limit" curve. The most
straightforward way to do this is to

nc is difficult to evaluate in its assume several values of N. For each
general form. However, what we are value of N, H is computed from D-(27);
interested in is the locus of limiting from the desired plot of Figure X, D
acceptable values for L, for a given is selected for each value of H
specific value of 1c. If we set flspeifi vaue f c . f w se 5computed. For each (D,H) pair, Id is
equal to 0.0027, the probability o a computed. Fr e (H pir, d Is
simple Gaussianly-distributed voltage, vs N curve.
v, exceeding in amplitude three timesits rms value, V, we can determine for

each arbitrary value of D, the corre-
sponding value of H, to make flc equal .
to 0.0027. The corresponding pairs of
D and H are plotted in Figure X.
Figure X also shows the plots of (D,H)
pairs for rc set at the probabilities
of the simple Gaussian voltage exceed- 3
ing 2.5V and 3.5V, respectively. Y - - ...

These plot3 are computed. O II
However, the limiting conditions for 0 2 4 6 8
these plots can be dea.t with analy-
tically, to help us to give some
insight as to the mechanism relating Figure X - Clipping Parameters
R and X to D and H. Suppose we set
tan e equal to zero; for this Of interest here is the effect

on the (Id, N) curve of changing the
-RN2 = r D-(28) peak factor. Fir each value of N

selected, corresponding value of H

must be true. The curves of Figure X yields a smaller value of D, if the
meet the X-axis at points set by D-(28). peak factor is reduced (Figure X).
Of course, a negative resistance is From D-(26) it is seen that a smaller
impossible to achieve in any practi al value of D in turn implies a la:ger

r is smaller than N R: value of I . Thus, the effect of a
sense. Usually reue assale.hareduced peak factor is to increase thehence, there is a line y-yl close to allowable value of Id  for a given

and parallelto the D axis, below which a value of df
no admissible (D,H) pairs are permitted.
The (D,H) plots are valid from Y-Yl up The effect is illustrated in
to infinity. the plot of Figure XI. The plot shows

The values of the ithe limit conditions imposed by ampli-
fte intercepts fier power supply capacity and ampli-

of the plots of Figure X at the D-axis, fier dissipation. The area to the
satisfying D-(28) are established by: right of curves AA' and BB' and to the

- 2 left of curve CC' is the useable area.
n /exp x )dx D-(29) Any (N, I ) pair selected from thisc V-, D area is a~ceptable. Obviously, the "k.

optimum (N, I ) pair of interest in
matching is t~at pair with the largest

Thus, we see that as the clipping level value of Id . The optimum point is .. ,
of the equivalent single variable,v, point P. The value of N associated

inglyD mustoiunt n. : th vle of N andoc hence
with point P sets the transformer tuzns i-,

the value of 1c decreasing correspond- ratio for the largest permissible valueingly D mst icreas. Antherof current int~o the exciter, and hence .

gives the largest value of the force.
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As shown in Figure XI,
reducing the value of k moves the REFERENCES
point P upward, permitting the
exciter/amplifier system to be opera- i. C. E. Maki, "Vibration Testing
ted at higher force levels. On the System", U. S. Patent No. 3147045,
other hand, if k is required to be Nov. 17, 1964.
increased in value, the point P is
pulled down, and the force capacity 2. A. G. Ratz, "Statistical Effects
of the system is reduced. (The point in Automatic Random Equalizers",
P moves upward with a reduced value of Trans. IEEE, Instrumentation and
k, because curve CCl moves up to the Measurement,Vol. IM-16, No. 4,
right, and curve AA1 moves up to the Dec. 1967.
left as k is reduced. As shown, curve
AAl does not influence P, but it : ght, 3. A. G. Ratz, "The Development of
since its position relative to cur,, Digital Control Systems for
BB1 is quite arbitrary). Electrodynamic Vibration Exciters"

I.E.S., Proc. 17-th Annual Meeting,
*Los Angeles, CA, April, 1971.

Ioqld 4. S. 0. Rice, "Mathematical Analysis
of Random Noise", Selected Papers' on Noise and Stochastic Processes,

M. "" Dover Publications, New York, 1954,

~, p.p. 133-195.
5. H. Cramer, "Mathematic Methods of

/. ' Statistics, Princeton University

4" \ % 4 Press, Princeton, N.J. 1946.

6. A. H. Church, "Mechanical vibra-

tions", John Wiley and Sons,
-~ New York, 1957.

7. T. Usher, "Performance of class B
10 _SN Audio Amplifier with Random Noise

Signals", Communications and

Figure XI Performance Calculations Electronics, AIEE, Jan.,1959.
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IMPACT AND BLAST

PREDICTION OF STANDOFF DISTANCES TO PREVENT

LOSS OF HEARING FROM MUZZLE BLAST

Peter S. Westine, and James C. Hokanson
Southwest Research Institute

San Antonio, Texas

The recently issued MIL-STD-1474 (MI) specifies what maximum side-on
sound pressure levels are tolerable for different durations of incident
waves if personnel around hazardous noise sources are to be protected
from hearing loss. In the case of gun crew hearing loss from muzzle
blast, the code either presumes that blast pressures and durations are
known, expects blast pressure and duration to be calculated, and/or
demaands that blast pressures and durations be measured around all
guns. In response to MIL-STD- 1474, this paper presents empirically
derived equations for estimating pressure, duration, and time of arrival
for reflected shocks relative to incident shocks in the blast field around
the muzzle of guns.

E.I-peri-nental test data from different 105-mm howitzer as well as Naval
gun firings were used to curve fit pi terms from a model analysis to
overpressure, duration and time of arrival tests data. The results can
be applied for any of three angles of gun tube elevation to any closed
breech weapon without a muzzle brake or flash sLoppressor.

Because gun crews and weapon designers wish to establish limiting safe
standoff positions without the use of complex secondary analysis proce-
dures, design nomographs are also presented which graphically permit
predictions of standoff locations whether ears are unprotected, pro-
tected with plugs, protected with muffs, or protected with both plugs
and muffs. Experimental test data from 105-mm howitzer firings
demonstrate that MIL-STD-1474 is met when these graphical procedures
for predicting safe standoff are applied.

INTRODUCTION To apply the hearing loss standard to
field artillery muzzle blast problems, one

Whenever a gui is fired, a very in- must be able to calculate peak pressures and
tense blast wave is emitted from the' muzzle durations at any position around guns. Such
with such severity that hearing loss is com- a calculation using computer codes is a very
mon in gun crews. Presently the U. S. complicated procedure. In fact, whenever
government makes annual payments of over ground reflections are significant, as in
several million dollqrs to citizens with reality, computer calculations are impossi- 1,
damaged hearing from ,nuzzle blast. In ble unless one of the three geometric coor-
response to this anc other l'azardous ncise dinates can be ignored. On the other hand,
problems, the Surgaon General's Office gun designers and field personnel must be
recently issued MIh-STD-1474(MI) [1 baced able to establish safe locations to prevent
on work performed by Mr. Georges Garinther hearing loss in gun crews. They need simple
at the Human Engineering Laboratories. design charts that permit accurate estimates
This standard specifies what maximum side- after only a few multiplications or additions.
on sound pressure levels are tolerable for The fundamental question to gun designers
different durations of incident waves, and field personnel is where can crew mem-
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bers safely stand for a particular gun at an Because the hazardous noise standaLd
-trbitrary angle of elevation, propelling charge, was developed for other sources as well as
length of barrel, etc. ? These people do not guns, we must discuss the developer's thoughts
wish to deal with indirect quantities such as on how to interpret the time axis for an impul-
pressure and duration, because the basic sive muzzle blast noise source. In general,
quantity of interest to them is o:stance. For a blast wave emitted from a gun must diffract
these reasons, the primary purpose of this and reflect from obstacles such as the gun
paper is the development of graphical proce- carriage and ground. The obstructions cat e
dures for estimating safe sLandoff distances reflected blast pressure waves to interact
around artillery. with the incident air blast wave emitted from

the muzzle of a gun. For field artillery in
HEARING LOSS MIL STANDARD particular, the ground becomes a very signi-

ficant reflecting surface. If other reflecting
Fig. 1 shows the sound pressure surfaces are assumed to be insignificant, as

limits for hearing loss from gun blast as they are relative to the ground, idealized
presented in MIL-STD-1474 for three dif- transient blast pressure histories can be
ferent levels of ear protection. Peak pressure obtained as seen in Fig. 2. Three different
is denoted in kilo-pascals and in decibels. pressure histories are shown in Fig. 2,
As applied to the gun blast problem, the W because the character of the pressure history
curve is the threshold for no ear protection, at a point in space above a reflecting plane
the- Y curve is the threshold whenever either
plugs or muffs are being worn, and the Z
curve is the threshold if both plugs and muffs
are worn. These curves, based on a noise
exposure rate of 100 per day, were obtained
at HEL from various investigators' test data b) Clos Gi of

on monkeys, themselves, and soldiers until
temporary but recoverable loss in hearing
was experienced by 25% of the personnel
subjected to a grazing or incident blast pres- T" ,

sure wave. It is assumed in the standard
that repeated exposure to a temporary hearing
loss would result in some permanent non-
recoverable loss in hearing. The W curve
is a continuation of requirements from earlier
criteria, TB MED 25 1.

Igo-190 
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Fig. Z. Incident and IReflected
170 Gun Blast Waves

160 differs depending upon the duration of the
incident air blast wave and the time lag

a ISO a. between the incident and reflected air blast
fronts. In Fig. 2a, the reflected wave arrives

after the incident wavi' is fully dissipated.
1.40J0.1 Fig. 2b shows an air blast wave i which the

o30 reflect'on has overtaken the incident wave to
1o to0 10 1000 form a new blast wave in the Mach stem.
fDurattosl f(se0) Because HEL, as developers of the code,

Fig. I. Peak Pressure Level wished to avoid confusion as to how durations
an- iantD.ton Limits could be defined when decaying waves asympto-

tically approach a baseline, they spcclfied
Both IIEL and the writers of this report feel that peak pressures should oc measured and
that for short duration pressures, the W tWen envelopes established on both Mides of

., pressure levels should alo increase with the baseline at 10% of the peak pres-ure level

". "r'< decreased durations; however, insufficient or 20 dB from the peak as in Fig. 3. Fig. 3
data exist to offer a modified W -curve at from the code is the illustrative example of
at this time.
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how the durations are to be established for aforementioned extraneous noise sources.
use in Fig. 1. The duration according to the These instrumentation problems are not
code is the sum of the times from A to D and unique to this program; everyone measuring

from E to F. If no reflection existed, the blast around large weapons has these difficul-
time would be that associated with the incident ties. In telephone conversations vith HEL,
wave whenever all pressure fluctuations they implied that test records could be
positive and negative are between 10% and repeated, even where measure-d with dif-
100% of the peak pressure level. Unfortuna- ferent instrumentation systems. Unfo tu-
tely, this illustrative example from the code nately, all instru-nentation systems used to
looks nothing like an air blast wave. piezoelectrically record blast pre3sure

t  signals have low frequency responses in the
area of 2 Cps. This argument simply means

PSESS X that systematic errors can be repeated.
LEVEL Whenever we applied the code to Rock Island

1_ {105 mm muzzle blast records, we obtained
S.negative envelope durations of 20* 7 ms

\F except for a wave such as Fig. 4b with thermal
energy introduced into the recording system.

This result is probably a consequence of the
low frequency response for the instrumenta-

tion and has nothing to do with negative blastFig. 3. Idealized HEL Pressure-

Time History of an Impulse Noise wave durations. Based on our analysis of
hundreds of records, we believe that the
rarefaction durations cannot be measuredFig. 4 shows four different air blast rrfcindrtoscno emaueFig.4 shws fur iffeent ir bastaround artillery, 'and that observed results

waves measured at various p<sitions around
are measures of the inst.-umentation RCthe muzzle of an XM2 04, L05 m:m howitzer
time constant and extraneous instrumentation

with LC-33 piezoelectric, pencil gauges.
Notice that noise exists on all the records; noise sourcs which exaggerate the total

nevertheless, these traces would usually be pulse duration.

thought of as recordings of excellent quality. To circumvent this instrimientation
To follow the code quite literally, and this is limitation. procedures were developed for
what is expected, requires the user to carry predicting peak pressures, times of arrivi!
the duration to point C in Fig. 4a, point D for reflected waves, and total duration of
in Fig. 4c, joint F in Fig. 4d, and beyond all wave fronts using only the positive or
recorded time in Fig. 4b. Quite frankly,
these deviations are not associated with the compressive wave durations, This prozedure
raef iation ae ro asmuzzled bat the is not in strict compliance with the code, butrarefaction wave from a muzzle blast, they

are associated with instrumentation noise we believe these tO be the only times which
and the RC time constant of the recording can be accurat.ly measured, and are repre-
system. Perfect recordings cannot be made; sentative of blast pressure durations. Then,
instrumentation noise is always present. so that negative times may be included to

Piezoelectric elements are subject to thermal approximate the observed total duration as
drift from such phenomena as the sun passing defined by the HEL code (an observation that

we believe measures instrumentation noisebehind clouds ai d radiation from the gun's
and time constants) a factor N was intro-fireball. Usua~y thermal drift is slow rela- duced into the solution for the Y and Z

tive to durations 10 times longer than the
criteria.positive wa% % with a lw frequency instrumen-

tation discharge asyr,)'.otically apprc aching
a limit. Fig. 4b is probably an example of

associated with a decay intersecting only thethermal heating from the howitzer's fireball. posited or posite10en ne
Other sources of noise include cable whip. p

shocks through the gauge, flutter in the tape No negative durations are considered when
recorder, dampness in connectors, and N equals 1.0. An N of 5.0 closely approx-
rnoeon wer ampness iBecethe a n y imates the total instrumentation times (posi-
noise on power lines. Because the frequency tv eaie o 0 mhwte iig• - . - : tive + negative) for 105 min howitzer firings :
response is in the AM radio band, cables

.. ::, . j even when shielded act as antennae and present seedea ini. a A N vaeseparated as in Fig. 2a. An N value of
radio broadcasts as extraneous noise cources. 1o, "k :': ;10 more closely approximates the recorded
The durations BC and DE that could be sub-L ,,,,. -- ".'tal durations for the 105 mm howitzer

, ,,¢-', ''., ,,tracted from the overall duration F in Fig.
4a pob ea loo ofhfirings whenever waves are in the Mach stem., ., •4d are probably examples of one of the
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Fig. 4. Examples of Field Traces for XM204 Howitzer Muzzle Blast

as in Fig. 2c. Although these values are Naval Weapons Laboratory muzzle blast test
given as guidelines, we leave it up to the data. Included in this compilation are data
individual to decide what value of N is most obtained by both NWL and its contractors.
appropriate for his weapon system. Unfortunately, most of the information Is

peak pressure for various locations around the
DEVELOPMENT OF EMPIRICAL RELATIONS muzzle of many guns including 20 mm, 40

FOR PRFDICTING PRESSURE AND DURA- mm, 3"/50, 5"/38, 5"/54, 6"1/47, and 8"/55
TION AROUND WEAPONS guns. No angle of gun tube elevation o is

*reported although the writers know from
General personal conversations that the angles are

near 0% The height of guns, neighta of
This section presents the development gauges, durations, and arrival times are

of empirical relations for predicting peak unreported; hence, these data are largely
pressure around guns. Interested readers limited to peak pressure fits for an c of zero.
may find a similar development of empirical The second source of data comes from 105- 4
relations for predicting duration and time of mm howitzer test firings conducted by
arrival for a reflected wave relative to an Mark Salsbury of Rock Island Arsenal. Tests
incident muzzle blast wave in Reference (2). on a M1OZ howitzer firing zone 7 propelling
All three of these relationships have been charges are reported in Reference[41 however,
developed by first conducting a model ana- the vast bulk of the data is as yet unreported -
lysis and then curve fitting the nondimension- XM204 tests firing zone 3, zone 7, and zone 8
alized parameters or pi terms, eyerimen- charges at gun tube angles of 1.5', 16.8*, and 144
tal test data. Because these relations have 68. 6°. All parameters are known in these
been nondimensionalized, they may be used experiments, including height of gun, height
;o predict peak pressures, durations or of gauges, pressures, durations, and times

relative times of arrival around a wide of arrival for reflected shocks. Gauges
variety of weapon systems. were usually placed along radial lines every &e-test 15* from 15* to 1650. A diagram showing

com The test data used in all curve fits gauge locations ;s represented by the dots or
come from one of two sources. Reference (3 gauge locations on Fig. 8. Atlantic iearch

alddl, by Mark Walther is a compilation of all LC-33 pencil gtuges and a magnetic ta.
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recorder with a frequency response of from using an equation instead of independently
2 cps to 20, 000 cps were used on all tests. modeling projectile velocity, and total energy

in the propellant. Three weaknesses existed
Model Analysis in the Armour approach. First, all contours

were spherically symmetric instead of being

Various investigators have previously elongated as in nature because a stationary
used model analyses to eva)uate blast field point cV arge was envisioned as an equivalent
around the muzzel of guns. The earliest muzzle blast source. Second, the same
efforts at Princeton [5) uader BRL sponsor- equivalent energy release used to predict
ship and at David Taylor Model Basin (6] for pressures would not predict durations, and
the Navy lead to an accurate, but awkward- third, the scaled barrel length L was not

to-apply replica modeling law. Provided included in the analysis because all weapons

rigorous geometric similarity was main- tested at that time possessed virtually the
tained, projectile masses and propellant same scaled barrel length.

energy scaled as the cabe of the geometric
scale factor, and projectile velocities were Finally, Westine in 1968 (91 and 1969
invariant, the Princeton and DTMB efforts (101 modified the Armour approach and
correctly sL.ited that at homologous loca- developed the procedures in use today. In
tions, pressures would be identical and times these reports, Westine recognized that the
would scale as the geometric scale factor. Armour concept of an equivalent energy
Thse statements are a direct extension of release greatly simplified any analysis, and
Hopkinson's Law [7) of 1915 for scaling air that it could be apptlie without using the
blast around H. E. charges. The major concept of a point chcrge provided a model
limitation to this early replica modeling analysis is conducted. The most detailed of
law is that changes in some key parameters these model analyses by Westine appears in
such as barrel length, amount of energy in Reference [I . We will follow the procedure
the propellant, mass of projectile, and/ used in Reference Ell] to briefly reconstruct
or projectile velocity prevented new preLic- that model analysis for this study.
tions of the muzzle blast field until new
experiments had been conducted. Any model analysis begins by defining

the problem so parameters can be listed.
The next effort to overcome replica Our problem is to cetermine the pressure-

modeling limitations and scale pressures only time hi.-tory at some arbitrary point in space
was at Armour Research Institute [8]where above a rigid reflecting plane, the ground.
an equivalent sphericai explosive chargewas The blast prnssui es are created by a closed-
located on the bore axis at a distance from br. ech gun wth no muzzle brake or flash
the muzzle. To create an approximation to suppressor also tocated above this same
tie peak pressures, Armour created a reflecting surface and having an equivalent

"reduced energy" using Eq. (1,. energy release W. A polar coordinate system
will be used with its origin directly below the
gun muzzle but in the plane under the weapons.

W=n [E - I ](1) The f)- 0 axis will be the projection of the
2[.] line of fire upon the reflecting surlace, and

the standoff distance L will be tht distance

where in the reflecting plane of an arbitrary loca-
tion of interest f'om the projection of the

W effective energy entering gun muzzle onto tve plane. The gun itself
blast will be of caliber c , barrel length £, and

have an equivalent energy release W based

E = energy in propellant upon Eq. (1). Its mizzle height above the

1 2 reflecting plane is h , and it has a gun tube
-mV kinetic energy of projectile angle a to the horizon. A point or locaton

at ejection of interest n space is specified by 0 and L
and the heigat H over the surface. This

=' nondimensional coefficient location in space will experience peak over-
dependent upon chemistry pressure P , duration T , and time of

and heat of a propellant. arrival T of a eflected wa'e relative to an
incident wave.

Creation of thi equivalent energy
release simplified future model analysis by Three ambient atmospheric conditions
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are needed to complete this model analysis TABLE B
and permit the blast wave to propagate Pi Terms for Muzzle Blast

through space. Although the choice of these
parameters is somewhat arbitrary, we will .
use atmospheric pressure P , sonic velo-
city ao , and the ratio of specific heats yo . " c
Table A lists the significant parameters
presented in this model analysis together h
with their fundamental units of measurement t3 siaI Geometric similarity

in an engineering system of force p, length
x , and time t. .c

Several different procedures exist for e5
obtairting pi terms from a list of parameters,
several of which are demonstrated in various
texts or the reader can follow the procedure T6 cL
presented in Reference( 11). Because these
procedures involve only tedious algebra P c3

and no new assumptions, we will present T7 W Ei etrrnonly the results. If pi terms are obtained w Environmental restraints

by solving in terms of the exponents on c , 8 Yo

W ,and a the 11 nondimensional ratios n
presented in Table B will result from the 14 3 1
parameters listed in Table A. PC

The first seven pi terms are state- Ta Response pi terms 1
merits of geometric similarity, pi terms 7 ,10 - j

TABLE A Il-Ta

List of Significant Muzzle Blast
Parameters

F .... al similarity and two environmental restraints.
In functional analytical format the response

for either scaled pressure or scaled dura-
refers.oe angle in polar coordinale syste.m tion. or scaled time of arrival may be

L tandoff distance in polar coordinate ystem x written as Eq. (2):
h height of m.tIle

* I 3caliber of gun x P c

lngn of gun barrel X 3
If bright for location u,t ortsi . T ao' L HP c

-1 angle of goo barre'wothth, hr . ... CC ' c ' - ( )

robI e ArAtmospheric VnVront

P atmospheric presure p/X0 T n

ionic velocity x/t c

tio ofpeificEq. (2) can be simplified further byvnr o trati.. eilcht .

deleting constants. For all practicalw ,q.1-I'M~ energy,,-1-. r. MvZI purpos,.s, ao , yo , and Po are constants,w0
... e rrt.t %provided we restrict ourselves to muzzle

P maximum overpressure p/x2 blast under sea level ambient conditions and
T durtionweak shocks without ionization or disawso-Tv toanrPaarecostats

I e :rivfor reflected waves relatwo cation of the air. Neither of these condi-
, , , to incidenta. tions creates an invalid analysis when we

delete a Po 'and Yo from Eq. (2) and
and 8 place environmental restraints on the obtain:
system, and the last three pi terms are the
responses which are of interest. This analy-
sis shows that scaled response for a muzzle

4 ..'-,, blast wave is a function of geometric
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3 large relative to weapon caliber or relative to
P- d. No contradictions for ths empirical

3 observation are to be found in Rock Island

T F L h He , a,. (3) howitzer firings when the only change in
C C C C - XMZ04 tests is the energy release W because

of a zone 5, zone 7, or zone 8 experiment.

C

Westire [9, 10] also made the second

Eq. (3) is the most general solution. empirical observation that scaled barrel

It does present an eight-parameter space for length could be combined with the dependent

curve fitting to experimental results. Further normalized pressure term to form one term

reductions in this experimental space and the Pc 1/W. Experimental tests on very short

development of curve fits will ncw be evalua- barrel weapons such as a 0.45 pistol and

ted for pressure. Similiar discussions for several 40-mm grenade launchers agreed

duration and relative time of arrival are with more conventional long barrel weapous
only when these terms were combined. The
difference in barrel length expressed in

Predicting Pressure calibers for a 0.45 pistol and a 22 caliber
long rifle is one order of magnitude from

To predict maximum overpressure, approximately 8.8 to 92. Physically this

we apply Eq. (3) in the format of: second observation implies that Pc /W can
be thought of as pressure relative to an

effective chamber pressure W/c 2 1, not
PC.I = F 0. a. actual chamber pressure but rather an

W c (4) effective one for an adiabatic process. No

contradiction to this empirical observation

Four empirical observations are needed exists from the Rock Island 105-mm howitzer

before this approximate format can be sub- firing with zone 7 propelling charges in the

stituted for Eq. (3). The first of these 26.6 caliber long MI02 or the 33.9 caliber

observations is that c /W is insignificant, long XM204 guns.
the second is that Pc 3 /W and 1/c may be
combined to form Pc 2 1,1W, the third is that The last two empirical observations
h/c is insignificant, and the fourth is that concerning the insignificance of scaled
H/c is insignificant, muzzle height h/c and scaled location H/con predicted pressure are oomewhat harder to

:n 1970, Westine [11] demonstrated substantiate. All observations on the influence
that c3/W was insignificant for predicting of these two parameters corr'e from this study.
pressure by plotting scaled pressure versus Rock Island does report the muzzle height on

scaled position in space for a wide variety of their howitzer firings; however, the variation

weapons with different values of c 3 /W. in this parameter is very limited. For 00 to

Because scaled pressure as a function of 1.5' gun tube elevations, howitzer muzzle
scaler' position plotted as a single unique height h/c only varied from 7.26 calibers

function, the results showed that c3 /W was to 9.86 calibers above the deck. In these

I. unimportant. This observation was made same experiments, gauge locations H/c

using 12 different weapon systems and ranged from 7.26 to 13.07 to 18.87 calibers

included a rnge in c 3 /W of from 3.6 x 10 for the M102 tests, and 10.65 to 14.52
to 5, 1 x 10" m/Nt, a range of over three calibers for the XMI02 experiments. Within

orders of magnitude. If the term c 3 /W is such a limited range, no trend could be
rewritten as c/W1/3 it can be inter- noted. In the Navy gun resume, Walther [3) "3i

preted as a statement of geometric similarity, does not report either muzzle locations or
and an analogy can be noted between it and gauge heights. For the 3"/30 and 8"/55
r/W 1/ 3 in Hopkinson's scaling law [71 for the Naval gun experiments, we know that these

blast field around an explosive charge. An weapons were 17.4 calibers above the ground,

alternate method of rewriting Hopkinson's as the senior author of this report witnessed
law is to write r/d, where d is a charge these tests. With a wide variation in weapcns

:,: diameter. Similarly, c/W 1/3 can be thought of from 20 mm up through 8"/55 Naval guns, -
as c/d where d is a linear dmnsion we can probably presume with some degree

associated with the energy release. Physical- of assurante that muzzle heights and gauge

ly, the insignificance of this parameter positions varied. All comparisons of scaled

, implies that positions of interest in space are pressures for different weapon systems
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were based upon the assumption that
h/c and H/_- were not nighly significant.

An empirical curve fit for predicting w 0

peak pressure was developed based up n the~validity of Eq. (4). Many plots of Pc A/W
versus L/c for constant values of 0 and a

were made for many different weapon systems. Several quantities in Eq. (5) require further

Included in theso plots were three different a explanation. The coordinate system for the
gun tube elevations of 0', 16.8*, and 68.60. observer's position relative to the muzzle of
Scaled pressures were plotted along radial a closed-breech gun is a radial coordinate
lines for 150 increments from 6 = 15 to system with its origin as the perpendicular
165 degrees. Eight of these plots may be projection of the muzzle onto the ground

seen in Figs. 5 as examples of this effort. under the gun, and its reference line, the
projection of the line of fire onto the ground.

iThe first four graphs in Fig. 5 are for In other words, e equal to zero is the line

a = 00 . If more than one gauge were on a of fire, 6 equal to TT radius is directly aft,
pole in a howitzer experiment, the maximum and L is the standoff distance from the

pressures were averaged and plotted in these muzzle when measured parallel to the ground.

figures together with guns from Reference [3]. No slant distances are involved from the ear

The scatter is very little, especially when of the observer to the gun muzzle.
one considers the range of weapons which
are involved. These results help to imply Eq. (5) for pressure is not a strong
that h/c and H/c were relatively insigni- function in the region measured of either the

ficant for this variation in test conditions. height of the muzzle h off of the ground or
the height of the observer H off of the ground.

The last four graphs in Fig. 5 are for These parameters are therefore not included.
c's of 16.8 and 68.6 degrees. Many less The angle of the gun barrel a relative to the
data points are on these graphs because only ground does make a significant difference;
the XM204 with zone 7 and 8 propelling hence, its influence is included in the num-
charges were fired at these higher angles. erical values for the six Greek letter coe-

No averaging of pressures for two gauges on a fficients (C, e, y, 6, P, and 7). Table C
pole was performed in these tests, as we presents these nondimensional coefficients

wished to emphasize that sometimes the as functions of a for three different gun tube

lowest gauge recorded the highest pressure, elevations. Because these coefficients come

whereas on other occasions the highest gauge from an empirical curve fit to experimental

recorded the highest pressure. In all the test data, one standard deviation a for using
16.8 and 68.6 gun tube experiments, gauge these coefficients to predict pressure is
heights were either 10.65 calibers or 14.52 also presented in Table C. As can be seen,
calibers off the ground; hence, the variation one standard deviation for predicting pressure
in h/c is small. As can be seen in Figs. 5, is essentially 25% over the range of test
scaled pressures also correlate for the results.
higher gun tube elevations, but peak prevs'-e

is a strong function of a. The final quantity requiring considera-
ble discussion is the effective energy release

The straight lines through the data " , given by Eq. (1). Essentially, Eq. (1)
points in Figs. 5 are the rurve fits to these is an energy balance. It states that the ener-
data given by Eq. (5). As can be seen, re- gy in the propellant that does not enter the

suits are fairly accurate. One standard kinetic energy of the projectile g:es into
deviation a for these data points about the muzzle blast. Actually, other forms of

curve fit can be found in Table C. A higher energy dissipation do exist, particularly
standard deviation cxists for a = 0 than for thermal losses; however, provided these
a = 16.8 or 68.6 degrees because the curve losses are Jirectly proportional to
fit is over a larger variation in L/c for the E - 1/2 mV , Eq. (1) will be valid. The
lowest angle and bet ause some uncertainty quantity E is determined by multiplying the
exists in some results from Reference [37. weight of propellant times the heat of explo-
Scatter may appear to be larger in Fig. 5 sion for the propellant. The proportionality

r ' for larger angles, but this results is decei- coefficient is both a correction factor for
J, ving, as Pc 2 A/W covers three rather than thermal losses and a coefficient that depends

one order of magnitude for gun tube eleva- upon the chemistry of propellants. It does

tions of 0 degrees. appear to be a nonlinear function of heat of
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TABLE C

Coefficients for Pressure Equation

a(radians) a 6 

0 28.2% -6.652 3.502 1.80 0.0 0.9352 0.3551

0.293 18.3% -6.484 2.468 1.00 0.7854 0.7843 0.3601

1. 197 12.9% -8.635 0.365 0.457 1.454 0. Z737 0.8618

explosion. Table D presents values of n for Solution for W Criterion
propellants that we have encountered in experi-
mental tests. The maximum free field overpressure

TABLE D
Numerical Values of n For Energy Releases

Heat of Explosion
Type of Propellant (J/Kg)

+6
Navy NACO 2.75 x 10 1.00

0+6

Army MI 2. 93 x 10 1.00
1+6

Navy PYRO 3. 14 x 10 1.00

10+6
Unknown (20 mm) 3.47 x 10 1.06

1+6

Dapont IMR 3.62 x 10 0.693

0+6
Army M30AI 4.07 x 10 0.716

Hercules Unique 5.05 x 10 0.511

The development of equations for pre- around a gun muzzle over a reflecting planeI dicting muzzle blast durations and time of such as the ground is given by Eq. (5).
arrival ate presented in Reference (?I. Both
results have a format similar to that given by Because the W threshold of hearing
Eq. (5) for pressure; however, they are dele- loss criterion is a constant prcsure cri-

ted from this paper in the interest of brevity. terion (see Fig. 1), we have only to substitute
the amplitude Z for P in Eq. (5). When-

DEVELOPMENT OF SAFE STANDOFF ever this substitution is made, the solution
CONTOURS for threshold of hearing 1o a becomes a four-

parameter space of nondimentional numbers
General that can be written in functional format as:

Two procedures are discussed in this 21
section, one for computing the safe standoff ZcL (
position whenever no ear protection is offered, F , I C 0
and the other for computing safe standoff pos-
ition with protection such as plugs and/or .;he value for Z is 0. 197 KPa if W from
muffs. Two separate solutions must be pre- Fig. 1 is considered to be the appropriate
sented because the V no- ear -protection< . .snte beaus theW n-ea-prteclonthreshold. Eq. (6) can also be used for the
threshold is independent of muzzle blast dura- theol.E.()cnasbeudfrtetrsY" and Z thresholds if durations are greater
tion, whereas the Y and Z protected-ear than 200 milliseconds. Such a computation is
thresholds are functions of duration (see Fig. an academic rather than practical considera-

).
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tion because a 1. 02 m gun would be requird for clines throughout the figure are for constant
a duration around 200 milliseconds. if one values of Z c2 11W . For a particular gun
believed that durations are a function of the and propelling charge, c 1. 1, and W will
instrumentation system, as has already been be constants. Select the appropriate value
discussed, and wanted to use a constant Y for Z from Fig. I (Z =0. 197 KPa if the
or F pressure for a constant duration from W criterion is being applied) and comp~te
a given gun, Fig. I could be used to obtain Z the numerical value of the isocline Z c O/W.
and Eq. (6) with the appropriate Z would Fig. 5 shows in gun tube calibers where the
still apply. pressure will be greater or less than the

constant pressure hearing loss threshold.
A four-parameter solution has the Inside the limiting isocline of Zcz O/W , we

advantage that it can be displayed graphically. would predict hearing loss, whereas outside
Fig. 6 is one graph from a series depicting this same isocline, we would predict no
Eq. (6), only rectangular rather than polar hearing toss.
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Fig. 6. Safe Standoff Distances for No Ear Protection (W Criterion)

Th10-a0brsurergo0ato "

coordinates are bein" used. The parameter Th 0-aie qur einatoL L is the standoff jistance from the muzzle the muzzle has been enlarged and inserted

p i to the line of fire, and is in Fig. 6 as this domain covers the areaperpendiculartotelnoffradL i

the distance parallel to the line of fire. Nega- where gun crews stand. The most severe
tive values for LI, are aft of the gun muzzle. muzzle blast occurs whenever the gun is fully

Several figures like Fig. 6 are found in depressed to 0 degrees. For artillery this

Reference 2 for different gun tube elevation condition may be too severe a restriction in

angles Y . Any self-consistent set of units the field, as essentially all rounds are fired

can be used when applying Fig. 6, as the with a gun tube elevation of at least 300 mils.
parameters are all nondimensional. The iso- The only time an artillery piece is fired at

0 degrees is whenever a position is being
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overrun, a time for kill or be killed with no where
concern for hearing loss and the positioning ofSpeople. The code [1l] incidentally does recog- T =total duration of P11

nize and accept the existence of such circum- compressive waves
stances.

N nondimensional factor to
Mr. Mark Salsbury at Rock Island account for negative dura-

Arsenal supplied muzzle blast test data on tions as well as positive
zone 5, 7, and 8 firings from 105-mm howit- durations
zers. All of his gauges at 0 degrees gun
elevation were located at various positions a,b,d,
up to maximums of approximately 100 call- e, f coefficients given by Table
bers along radial lines spaced 15 degrees E which are functions of
apart. Every one of these gauges measured gun tube angle c
pressures greater than 0. 197 KPa; that is, the
blast pressure recorded by all gauges was, W, L, c,
according to the W criterion, sufficient to L, 0 parameters already defined
cause threshold hearing loss at each gauge
position when no ear protection is provided, Just as Eq. (5) for pressure was not a

strong function in the region tested of either
Solut,n for Y and Z Criteria the height of the muzzle h off of the ground

or the height of the observer H , so, too,

For muzzle blast durations of less duration is treated as being independent of
than 200 milliseconds (which is true for all these two parameters. The angle of the
known guns) and ear protection in the form gun barrel a relative to the ground does make
of either plugs and/or muffs, the hearing a significant difference; hence, its influence
loss thresholds as seen in Fig. I are funtions is included in the numerical value for the
both pressure and time. BecausL the Y and five coefficients (a, b, d, e, and f). Table E
Z criteria from Fig. I are parallel straight presents these nondimensional coefficients as
lines on a log-log plot of maximum pressure functions of ot for three different gun tube
P versus duration T , the equation for these elevations. Because these duration coefficients
lines can be written as: come from an empirical curve fit to experimen-

tal test data, one standard deviation a for
using these coefficients to predict duration is

PT 0 . 3 45 = Z (prot) (7) also presented in Table E. As can be seen,
one standard deviation for predicting dura-

0.345 is the slope of the Y and tion is essentially 25% over the range of
test results.

Z lines seen in Fig. 1. The parameter

Z(prot) for lgvgl of ear protection has units Whenever the coefficients from Table Eof Nt - ms "4/m 2 and is a constant depen-
of t -ms /m ndis cnstntdepn- are substitu e into Eq. (8), the scaled dura-dent only upon the type of ear protection. For TL5

the Y level of ear protection Z(prot) equals tion 1/3 5 will have units of
26.9 KNt - ms 0 "3 4 5 /m 2 

, and for the Z NW c
level of ear protection it equals ms
56.5 KNt - msAfter the effective energy

m Nt

Both pressure and duration equations release as defined by Eq. (1) has been sub-
are needed to substitute into Eq. (7) and stituted into the scaled duration, the duration
develop a functional relationship. Eq. (5) for T is obtained in units of milliseconds. The

duration T , as has already been discussed,
I' ~maximum side-on overpressure is still valid i h u faltepstv uain

as the blasL pressure field is independent of
the type or lack of ear protection. The total associated with compressive blast wave pres-

free field duration for muzzle blast around a sure decays intersecting only the positive20 dB or positive 10% enveLope line. No
gun muzzle over a reflecting plane such as the
ground, derived in Reference (Z1 is given by: negative or rarefaction durations are consi-

dered unless N equals a number greater
than 1.0. The parameter N is a nondimen-

T1 0.904 + ,s sional factor for approximately estimating
ywe/, /5 ".2  

[(d __- J (8) the sum of all positive and negative durations
as defined in the code. We have already
discussed that for the muzzle blast field
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TABLE F
Coefficients for Duration Equation

radians) a a b d e f

0 23.0% 0. 1192 -0. 02346 28.0 0.03224 -0. 001215

0.293 26.0% 0. 1971 -0. 04871 42.0 0.04200 0.0

1.197 22.7% 0.05603 -0.000228 42.0 0.05617 +0.004501

around artillery, measured results reflect A graphical solution for the Y and
the lw frequency RC time constant and Z criteria can now be developed similar
instrumentation noise rather than the reality to that already presented for the W cri-
of an accurately measured duration associa- tenion. To develop this solution, the pres-
ted with a rarefaction. The choice of an sure equation (Eq. (5)), the duration equa-
appropriate value for N is left up to the tion (Eq. (8)), and the equation for the
individual. For blast fields measured hearing loss threshold (Eq. (7)) must be
around 105-mm howitzers, we have indicated combined. Unfortunately, the resulting
that an N of 5.0 approximates negative expression is not an explicit one in either
instrumentation times whenever incident L/c or e In functional format, the result
and reflected waves are separated, and an is another four-parameter space given by:
N of 10. 0 approximates negative and positive
durations for waves in the Mach stem.

1.855 1.14 1
If waves are to be in or out of the L O, (10)

Mach stem and have different values of N 
34 5w1. 115 C, 0.

assigned, one must be able to predict where
the triple point passes when guns are fired
at different angles over a reflecting plane. This four-parameter solution can also be pre-
For gun tubes at angles of 16. 8 and 68. 6, sented graphically on three different plots for
the gauges were not located over a suffi- the different a values. Fig. 7 is one graph-
ciently extended region to predict passage ical representation of Eq. (10) with polar coor-
of the triple point. All of these higher gun dinates 0 and L/c having been transformed
tube angles had transducers measuring into rectangular coordinates L /c and
separate incident and reflected waves. For L11 /c. Because the isoclines in Fig. 7 are '4
a gun at 0* QE, we were able to develop 8551.14
from time of arrival curves described in Zc 1 , a quantity that has not been
Reference r2 the standoff distance L/c 0.345 1. 115
along various radial lines 0 for which the a Wmade nondimensional by using constants
triple point passes essentially at ear level, such as the speed of sound in air and am-
An algebraic expression from these a¢ 0*Ancaleraeic e in fromtbient atmospheric pressure, units of measure
curve fits is given by: for these charts must be in milliseconds,

meters and newtons. The most severe case
) 70.46 +2.2162 occurs when the gun tube is fully depressed

C triple (9) to 0 degrees. Once again as in the discus-

point sion with the W criterion, designers would
probably be justified in using a 16.8 gun
tube curve.

Equation (9) indicates that at 0 = 0.262
radians (15"), L/c = 70.6 calibers; at Comparison with Test Results
. = 2.880 radians (165*), L/c = 88.8 cali- ts e i o m p c
bers for the passage of the triple point at It is interesting to compare predicted
ear level. For distances beyond these values, safe standoff distances with experimentally
an observer would be in the Mach stem and measured results. As has already been
an N oL 10 is more appropriate. Inside indicated, test data on the XM204 firing a
these values, N is closer to 5 provided zone 8 has been obtained by placing blast
you accept the instrumentation as b-ing pressure transducers at various locations

adequate.
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Fig. 7. Safe Standoff Distance for Y and Z ear Protection Levels

around gun muzzles. The different dots in A large variety of conditions shown in
Fig. 8 represent transducer locations. Both Fig. 8 demonstrate that hearing loss and no
the maximum pressure and the sum of all loss of hearing domains are predicted accura-
positive durations were recorded outside the tely for the Z criterion as well as Y cri-
20 dB envelope. These average recorded ternon, various values of N , other angles of
durations were multiplied by 5 to ootain an gun t.ube elevation, andA zone 7 as well as
average estimated positive and negative dura- zone 8 charges. In all these figures, all
tion. Fig. I from the noise standard was blackened and open dots appear in the appro-
then entered using average pressure and priate region and only occasionally do par-
duration to assess whether or not hearing is tially shaded dots appear ii' :he wrong
damaged. Blackened-in dots indicate that domain. Whenever a partilly sh~aded dot is
Fig. 1 predicts a definite hearing loss, incorrect, it is close to the predicted thres-
whereas the white or open dots indicate hold, and any errors are random. The factSJno hearing loss. Ah partially shaded points that lone of the partially colored dots are
in Fig. 8 indicate that this locaticn was incorrect aft of the muzzle is probably good
within one standard deviatior. for pressure fortune rather than well conditioned physical
(within 25%) of the Y or Z threshold from behavior. By comparing the various Fig. 8Fig. V. Scatter does occur n pressure with each other, readers can obtain a feel

measurements, ano such a procedure is a for how changes in gun tube elevation, pro- ,
metho of denoting uncertainty caused by pelling charge, N factor, and level of ear -'

thsscatte,.. If the location showed that the protection influence safe standoff position. ,
• ~threshold was exceeded by less than 25%/, '

- th do ha itslowe haf coore. IftheFor a 105-iram howita.er gun cr,'w, gun-
locaionor he verge as los tothener and assistant gunncr positions are essen-, .-,_the oatin tse loerag ha cloe tf the. .threshold but under it, the dot has itr .:ight tilly 55 calibers aft. Figs. 8 imply that no

" " hearing loss should result provided crew meme-: , ..."hand ,ide colored. As can be seen in Fig. 8, bers wear either ear plugs or muffs. Loss of {
": ' -the predicted t.hreshold appears to separate hearing should be expected whenever LO-mm
""" < hearing loss and no loss of hearing domains hwte rw ern a rtcin

F '" iappropriately.

'43 .i
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SUMMARY Blast, SwRI report for Artll'o. and
Armored Weapons Systems Directorate,

The primary purpose of this program No. R-CR-75-003, Rock Island Arsenal,
was to establish a procedure for predicting Illinois, February 1975.
safe standoff contours to protect gun crews
from hearing loss. The contours were deve- 3. M. F. Walther, Gun Blast From Naval
loped through a multi-step process by first Guns, NWL Technical Report TR-3733,
conducting a model analysis to interrelate August 1972.
the parameters of interest. Then, the
experimentally measured muzzle blast para- 4. Mark J. Saisbury, Blast Field Study
meters, peak pressure and duration, were for Proposed RIA Firing Tunnel, Rock
nondimensionalized and curve fit to empiri- Island A:senal TR-74-007, February
cally derived relationships as predicted 1974.

from the model analysis. Finally, the empi-
rical relationships were combined in a 5. George T. Reynolds, Muzzle Blast Mea-
manner consistant with MIL-STD-1474 to surements, Report No. PMR -21, Prince-
produce the desired safe standoff contours ton University for BRL, April 15, 1944.
for temporary hearing loss. Design nomo-
graphs are presented which graphically 6. U. S. Navy Gun Blast Committee,
permit predictions of safe standoff locations Survey of Research on Blast, Firet
whether ears are unprotected, protected with Interim Report, pp. 15-25, 1946,
either plus or muffs, and finally if ears are Confidential.
protected with both plugs and muffs. Experi-
mental data from different 105 min howitzer 7. B. Hopkinson, British Ordnance Board
as well as Naval gun firings were used to Minutes 13565, 1915.

verify the empirical relations for pressure
and duration as well as to demonstrate that 8. H. i. Barton, R. J. Heyman, and
IVIL-STD-1474 is consistent with these graph- T. Schiffman, Correlation of Muzzle
ical procedures. Blast Pressures Over Flat Surfaces,

Armour Research Foundations of Illinois
ACKNOWLEDGMENTS Institute of Technology, (undated, but

apparently in mid-1950's).
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program has been Mr. Mark Salsbury of 9. Peter S. Westine, Structural Response of
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success of this study. DAADOS-67-C-0Z01, November 1968.
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authors are indebted to Miss Carolyn Evans, the Muzzle of Guns, The Shock and Vibra-

Mr. Emil Matula, and Mr. David MeNew for .lion Bulletin, Part 6 of 6, pp. 139-149,
the tedious job of reducing data from muzzle March 1969.
blast records. Mr. James Kulesz assisted
the curve-fitting of empirical equations to iI. Peter S. Westine, Modeling the Blast
test data, Mr. Victor Hernandez drew all Field Around Naval Guns and Conceptual
figures. and Mrs. Sue Miller typed this Design of a Model Gun Blast Facility,
paper. The cooperation of these individuals Final Report by SwRI for NWL under
and those who are always inadvertently over- Contract No. N00178-69-c-0318, Septem-
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Discussion I think that is an instrumentation phenomena
that we often observe and I have been objecting

Mr. Lepor (Naval Undersea Center): Part of our quite strongly to that as a criteria. Yes, you
function is to develop noise exposure criteria can put that in this consideration and it is
for the Navy. Part of the problem has been to done by another factor N which goes along with
develop a nomogram but the problem really is those curves.
that pistol shots have a different rise time
and duration than the larger guns. How do you Mr. Lepor: Would this apply to the Red-eye
get all this on one line and still consider weapon for example?
the rise time, the duration, and the number of
firings per unit time? How does all of this fit Mr. Westine: I am not familiar with that
in with these curves, aren't there other con- weapon but I think it is a tube launched rocket.
ditions that have to be stipulated? For revoiless rifles or guns with open breeches

however I would use some other results. You
Mr. Westine: The rise time is often for all could us; this type of procedure but I would
practical purposes a question of transducer use some other results. This as applied here
size relative to the wave length because it is only for closed breech guns; you can't apply
takes time for the wave front to travurse the thir yet. if you have screwed on a muzzle brake,
sensing element and that is often what is a flash syppressor, or anything that would
recorded as a rise time. You can consider any divert the flow of gasses coming out the muzzle.
of the rise times to be infinitely steep; an I have ideas on how it could be done and pre-
instrumentation phenomena is often observed and sented in the same way.
and I do not consider that to be reality. Of
course you have tough instrumentation problems
when you talk about a pistol because a pistol
shot has such a short wave length and the
transducer size has to be very small relative
to the overall wave length. Sometimes you
have to build your own transducers in order to
measure around pistols or thirty caliber rifles
because of the short wave length; and then
often much of the data in the literature was
using combinations that shouldn't have been
used so you have to be judicious. Pistol
propellants are very hot and a forty five
caliber pistol uses an exceptionally hot pro-
pellant. In that the effective energy release
at a value of "n" is very high for a pistol
relative to what it would be for a three inch
naval gun or any of the common naval guns. It
is almost one for any of the naval guns and it
would be about 50% or 60% higher for some of
the Hercules powders that are used in pistols.
In regard to the durations they scale and again
you have to nondimensionalize them. There is
more scatter on duration and one of the problems
is that durations become asymptotic to zero
pressures, and what is the duration when a
wave dissipates and becomes very asymptotic
to a line? But then there is a difference be-
tween scatter, whether it is zandom scatter or
systematic scatter and I don't really feel that
it is necessarily systematic.

Mr. Lepor: Do you use energy concepts as a
basis of your calculations, and if so how do
you handle the reduction of time by a factor
of one half?

Mr. Westine: 1 am not in total agreement with
that criteria, but I know its source. You
have more familiarity than most of the audience
and you would obviously avoid it because it V
becomes ccntroversial. Instead of taking an
absolute ddration as you would observe it in ijt
the record they in essence made a ten percent
curve which is 20 db below the peak and they

RX put in bars above and below and they used that. 34
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A STUDY OF THE SPACE SHUTTLE SOLID ROCKET BOOSTER j

NOZZLE WATER IMPACT RECOVERY LOADS

E. A. Rawls

Chrysler Corporation - Space Division
New Orleans, Louisiana

and

D. A. Kross
NASA, Marshall Space Flight Center

Marshall Space Flight Center, Alabama

Solid Rocket Booster (SRB) nozzle water Impact environments are pre-
dicted by simplified analytical techniques In combination with scale model

testing. The analytical approach, which provides preliminary design data,
Is based on an equivalent wedge approximation for the significant design events
of maximum positive and negative applied loadings. The experimental program
is performed to verify the analysis and to obtain more detailed design data.

Scale model water Impact tests are conducted at the Naval Surface
Weapons Center' s Hydroballistics Facility using an 8. 56 percent model

and atmospheric pressure scaling. The vertical and horizontal Initial
Impact velocities, as well as initial impact angle, are varied to obtain
parametric loads information. Overall vehicle accelerations, local pres-

4 sures, and nozzle/bulkhead interface loads are measured. Test results

are compared to the analytically derived values.

INTRODUCTION

SOLID ROCKET BOOSTER
The National Aeronautics and Space Adminis- ORBITER -

tration' s Space Shuttle system, illustrated in Fig. 1,

t will employ an expendable External Fuel Tank (ET)
and two reusable Solid Rocket Boosters (SRB).After burnout of the SRB Solid Rocket Motor (SRM), ANK

the boosters will separate from the Orbiter and ET, I -!

reenter the atmosphere, be decelerated by a para- .T
chute recovery system, and terminal Impact In the E N K

ocean approximately 120 miles down range of the SOLID ROCKET BOOSTER

launch site. The complete SRB including major sub-
system components are to be designed to survive all Fig. 1 - Space Shuttle config.-z'fon

environmental loads of the rcovery sequence of

Fig. 2 to some minimum attrition or damage loss This mode of water entry will take advantage of the
rate. higher drag tail-first configuration, thus pre venting

excessive penetration hydrostatic pressure loads

To minimize reentry stability, parachute while utilizing the hydropneumatic piston effect of
packaging, and water Impact load design require- the motor case and nozzle/ skirt annulus to attenuate

ments, the boosters will impact tail or nozzle first. initial impact acceleration loads as well as retard
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rebound. Water penetration will, however, subject I R ACTUATOR

the nozzle, aft skirt, and aft bulkhead to large V.2RA
impact pressure loads. The severe dynamic load , '
applied to the gimbaled nozzle presents a unique - --. . L ...
design problem since this load must be reacted by NOTE: ALL DIMENSIONS IN INCHES.
the nozzle/bulkhead interface, flexible seal, actu-
ators, and structural supporting systems illustrated Fig. 3 - November 1, 1974 baseline SRB water
in Fig. 3. SRB water entry may include oblique impact configuration
attitudes up to 10 degrees with a significant hori-
zontal drift velocity component. transient dynamic loads applied to the Space Shuttle

SRB nozzle on water impact. A description of flow
Definition of SRB structure and component phenomena, scale model test results, and compari-

loads during water impact does not lend itself readily sons with analytical estimates are presented and
to complete theoretical or empirical flow analyses, discussed for conditions pertinent to design of the
Also, available literature of water impact analysc - SRB nozzle system.
is neither abundant nor widespread. That which
does exist is primarily divided into four categories:
(1) impact of sea plane floats on water or similar WATER ENTRY DYNAMICS
applications such as done by T. vonKarman [1];
(2) impact of torpedoes, warheads, or similar high As the SRB enters the water there are various
speed projectiles as done by Hoover (2]; (3) impact phases that comprise the total dynamic sequence of
of data or cargo modules such as data cassettes, motion (Fig. 4). Experimental test photographic
camera pods, or manned capsules (Mercury, studies adequately illustrate the body external flow
Gemini, and Apollo); and (4) academic studies of phenomena for definition of its pertinent phases;
simple geometries such as disks, hemispheres, however, nozzle and skirt internal flow phenomena -t,
cones, and blunt-nosed bodies [3]. Reference can only be defined by interpretation of the various
searches have revealed almost no work to date on force and pressure measurements made during the
inverted cones and especially none on double annular scale model tests. Since all major nozzle loads
conical surfaces such as the SRB nozzle/ skirt occur during initial impact, nozzle filling, nozzle/
presents. skirt annulus filling, and stagnation of the annulus

flow, we will only concern ourselves here with the
The purpose of this pi.ier is to present a first two vehicle dynamic flow conditions illustrated

review of the investigation conu,'-t" +n define by Fig. 4. The various dynamic events are defined

FEN I"O



INITIAL IMPACT Nozzle Internal Flow Establishment

S CAVITY COLLAPSE
r--7 MAX. PENETRATION As the nozzle internal volume fills, positive

SLAPDOWN axial forces are applied to the nozzle forcing it into

the bulkhead. These forces are a function of the
"induced or added mass" characteristics of the

nozzle internal conical convergent surface (i.e., the
vv rate of change of effective water displacement by the

1) : AFTCASE AFT CASE FWD CASE inverted cone geometry). This geometric conver-
* BULKHEAD * AFTSKIRT FWD SKIRT
0 AFTSKIRT gence also results in the water level in the nozzle

rising with increasingly greater velocity than the
Fig. 4 - Water impact loading events vehicle external free water surface, as depicted in

Fig. 5. Impact conditions of oblique attitude and/or
in order of their occurrence for an initial vertical with a horizontal velocity component result in asym-
impact condition with no horizontal velocity com- metric flow fields producing large resultant forces
ponent. These events actually overlap and may alter normal to the nozzle axis in addition to the axial
slightly in time for impact conditions of oblique loads.
attitude or with increasing horizontal velocity.

After penetrating the nozzle throat, water is
Nozzle and Skirt Exit Plane Impact jettisoned into the motor case chamber and a quasi-

steady-state flow is established in the nozzle. During.
Propagation of an acoustical pressure wave at initial filling of the nozzle, compression of the

initial water contact for this body configuration iq trapped air volume in the nozzle/ motor case chamber
insignificant. However, as the skirt aft ring pene- is insignificant and can be neglected. However, with
trates accelerating an "induced mass" of water, the continued penetration depth after collapse of the
first deceleration force is sensed by the vehicle and vehicle external open cavity, this trapped air volume
a small downward inertial reaction nozzle force is is the pi -.nary buoyancy force defining terminal
applied at the nozzle/bulkhead interface. The deceleration and final penetration depth.
impact of the skirt aft ring seals the volume of air
captured in the complete nozzle/skirt/motor case Nozzle/ Skirt Annulus Flow
Internal chamber. The impact of the nozzle exit
plane ring milliseconds later divides the captured Simultaneous with nozzle filling, a water head
air volume into two distinct compartments: (1) the is also penetrating the annular cavity between the
nozzle internal and motor case chamber; and (2) the nozzle and skirt. To define flow development in this
annular cavity between the nozzle and skirt, as illus- region, it must be remembered that the skirt has
trated in Fig. 5. The compression of these air large internal structural rings, as shown previously
volumes has a significant role in the vehicle dynam- in Fig. 3. Each of the rings produces local flow
ics as it continues to penetrate. cavitation wakes that collapse as the water head

stagnates on impact with the SRM aft bulkhead sur-
face. As the annulus initially fills, pressures and
forces are defined by impact of the water head on

the various local surfaces. Immediately following
. = = impact with the bulkhead, the complete annulus

- '-volume stagnates collapsing all local cavitation
BULKHEAD wakes, which results in maximum vehicle axial

EXTEL - -forces. This stagnation condition produces a nega-
N11LINZLEXENLSTAGNATIONlod

INITA NOZLE XTERAL SAGNAION tive axial load, pulling the nozzle away from the bulk- '

head as a result of the difference in the annulus stag-
nation pressures and the lesser nozzle internal

TIME For Initial impact conditions of oblique angles or with
a horizontal velocity component, impingement of the
water bead with the bulkhead is not symmetric, but
propagates from the effective keel to lee side produc-

ing large resultant lateral load transients as well.

Fig. 5 Load transient flow field
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ANALYTICAL PREDICTION OF NOZZLE AXIAL Phase I - Maximum Positive Nozzle Forces

FORCES
Since no reference data could be found on the

Predictions of nozzle axial forces can be made vdrodynamic drag or water impact "added mass"

to an acceptable accuracy for initial impact condi- characteristics of convergett conical surfaces, an

tions of vertical entry with no horizontal velocity by equivalent wedge approximation was used as presented

a two-phase flow analysis. The first axial force by Kwark [4]. Using the Schwartz-Christoffel mathe-

phase, thrusting the nozzle into the bulkhead, can matical transformation and potential flow theory, the

be treated solely as a function of the nozzle internal resultant force per unit width on one side of a wedge

flow assuming that nozzle external pressures are may be expressed as:

small. This should at least provide an estimate of h 1 r-26
the maximum positive axial forces, while the nozzle f = p .V2  hs 6 sin 26

negative axial forces pulling the nozzle away from wed s 6 sin
the bulkhead can be estimated by assuming stagna- -1"
tion pressures in the nozzle/ skirt annulus and quasi- (i)

steady-state pressures in the nozzle. Only the [r (1j- • r(1+

maximum values of both types of forces have been

evaluated by this approach, even though it should be where

feasible to set up a more exact time-stepping com-
puterized solution to provide a reasonable approxi- p = density of water

mation of the load time transient. Also the multiple
phase flow analyses required to analyze oblique V = free stream velocity
entries or entries with a horizontal velocity com-
ponent would be another order of complexity ande

have not been attempted except for the initial phase
of maximum positive axial forces considering only r = gamma function

oblique angles of impact with no horizontal velocity

component. Fig. 6 presents the nozzle analytical h depth at time, t
geometry used in the analytical predictions.

This relationship may be applied to evaluate the

,..2BINL.impact force per unit circumferential arc In the
_ " .t. -- nozzle, assuming:

1. The effect of radial curvature of the nozzle
hNRsOAT'7.7I/. -- wall on the axial flow field Is small for low conver-

1 gence angles (6 = 68.70 for the SRB nozzle).

0 s/'w r 2. The flow field in the nozzle is not affected

/Sby flow external to it, except for some reduction in

0o total vehicle velocity.

Generally, initial impact solutions of wedges

4 ._j J and other simplified external flow bodies assume no
change in penetration velocity over the period of

maximum deceleration buildup (V = Vo = cont.), and

depth (h) is defined as V • t. However, due to
0

conical convrgence of the nozzle Internal surface,
both water velcity and height in the nozzle would be 45

'tar ~ significantly accelerated above that of the external

free surface; therefore, adjustments should be made
,- - 7* to the wedge approximation by:

I'- - 1. The difference between the hypothetical
.,A • -oexternal free surface h and the real nozzle internal ,"

Fig. 6 - Nozzle analytical geometry water surface can be adjusted by letting,
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(fr. 2  (r 2 radial element is an explicit function of the radial
h=V . t' At- • h (2) angle for oblique impact. Consequently, axial ando lateral forces acting on the nozzle at the maximum

positive axial loading evcnt can be calculated by
where summing the forces on each radial element of the

nozzle wetted internal surface. This produces the
h = external free surface height (V . At) relationships:

hn = water surface height in nozzle

r = nozzle radius at level, h FAX i2 • h • •
n

rE = nozzle exit radius sina. 180

ad" j f( do (5)tand0

2. The change in flow velocity in the nozzle

can be eatimated by letting V equal some average F = 2() h cos3 0 pV 2

velocity V between the initial exit plane impact value LAT 0

(Vo) and the local value (V) at nozzle internal water
180level h n , and applying constant mass flow relation- cos a r f(6 co

ships, giving: 57.3 0

(rE\' whore

V v r (3)

where s 2-1.
0 sin 26 [r( - . r +

V average velocity of nozzle Itnternal Pow
at time, t (7)

r = nozzle radius at centroid of nozzle wetted From' these expressions maximum positive forces
area. due to nozzle internar flow, disregarding external

Sflow pressures, occur when the nozzle internalSubstituting reatinships (.) and (3) into Eq. (1) waterline reaches the throat, where h equals total
defines the force par unit arc width normal to the n
internal nozzle surface as: nozzle length from exit plane, o indicates throat,

and r is a minimum.

f(r For the Space Shuttle SRB configuration con-
"ARC p  

' h f(6) (4) sidered here, these values are, approximately:

where rE = 53.8 inchep

1 zr- 1rthroat = 25.9 Inches

r(4a) = 42.6 inches

6 = 68.7 degrees

At oblique angles of impact less than the
nozzle half-cone angle (21.3 degrees), Eq. (1) n

., . indicates that water impact forces are single-valued
yji5'": 2 functions of the nozzle equivalent wedge angle, 6. Fig. 7 presents the variation of nozzle posi-

The effective equivalent wedge angle t of each five axial and lateral leads with initial vertical
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1.0 where

0.8 NO qo= water dynamic head at initial'impact ( PVo)

0.6 $- - The resultant axial force applied to the nozzle

tow external surface becomes

F = P A =p Vo2 -A (9)
- Xex ANNULUS Pex o Po,0. _ ?-" e" ext ext

.- 0

U where
20

-0.2 FX nozzle externally applied axial force
ext

- tA = axial projection of exposed external
ext nozzle surface area.

As before, an equivalent wedge approximation
can be used to define the nozzle internal surtace axial

-0.8 force component. For steady state cavitatlng flow,
the drag coefficient of a wedge half angle (t = 21. 3)-l.0 o l l l is C f 0.154 as defined by Lamb [51. There-

60 so 100 MweP
VERTICAL VELOCITY (VO) 1 FTISEC

fore,
Fig. 7 - Analytical estimates of nozzle

maximum forces
Fx C p (10)

we in q int
impact vciocity. As can be seen by inspecLon of the mt wed mt
equations, forces vary by the square of the velocity
(Vo ) or linearly with the dynamic load (PVo2 ) for a where

given nozzle geometry and impact attitude (0
% I F X nozzle internal surface axial force

Phase H - Maximum Negative Axial Forces lint component

Immediately following complete filling of the C = pressure coefficient on equivalent
nozzle, the nozzle/ skirt annular flow impacts the wed wedge surface
bulkhead and stagnates the cavity. By this time,
nozzle internal pressures have decayed to quasi- A = axial projection of nozzle internal
stearly-state flow values. The differential between int surface area
inteial static and external stagnation pressures
then produces a sharp reversal of the previously qint mean dynamic pressure in nozzle
defined positive applied loads to large negative (varies with length due to convergent
loads. Estimates of maximum values can be made area acceleration of flow).
by defining the stagnntion pressure forces applied
to the nozzle external surface and the steady state The effect of nozzle internal surface convergence on
pressure forces applied to the internal surface, velocity is handled the same as before, i.e.,

Assuming peak stagnation pressure, let

int 2 int (ii)

/ ", ANNULUS = 0 ' q .z o 8pANS .2 8 ,where from Eq. (3)
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(E2  Scaling Parameters
V = V .

At the onset of initial contact with a water sur-

face, the compressibility effects of the water are of
This gives importance. Pressures exerted on the vehicle have

the magnitude of pVoC, where c is the speed of sound

F... (E\' in water. Although the acoustic pressure (PVoc)- is

X P 2 0 T\ large, it acts over such a short time duration and
small area of this configuration that it does not influ-

A t (12) ence the vehicle or local loads to a significant degree.
A .Therefore, scaling of initial contact acoustic pres-

sures was not included in the SRB model testing.

Now, solving for the net applied axial force using During the remainder of the initial impact
Eqs. (9) and (12) phase, the nozzle and skirt fill with water exerting

pressure forces that decelerate the vehicle. To

F = F -F simulate full scale vehicle dynamics in scale model
Xet X x nt tests, the significant vehicle properties pertinent

to this phase must be correctly scaled. In the case

of nozzle Initial impact loads, this requires scaling

F p V 2  A of the vehicle momentum and buoyancy relationships.
X t 0 p Kwark [6] presents a concise derivation of applicable

scaling laws for each of these, which requires

(\Froude scaling formomentum conservation and

- A t (13) pressure scaling for buoyancy force simulation. For
2 Pwed in momentum scaling the relationships are:

Dimensional Lengths L = XL

By this approximation, maximum impact m p

negative axial loads vary only with impact velocity Velocity V = 4K V
(V0) for vertical entry with no horizontal velocity

Time t ff 4"x"t
component. Fig.7 presents the variation of nozzle m p
maximum negative axial force with initial vertical
impact velocity. m p

Forces F = XF
m p

SCALE MODEL TEST PROGRAM Area A = A
m p

Performing water Impact tests on a full scale
vehicle Is impractical because of the cost and time m p
of both constructing and testing a full scale struc- Mass h M
ture. The most feasible approach Is to investigate m p
the theory of water entry and to perform scale model
tests of ;,e SRB using proper scaling relationships. where
Loads on the full scale vehicle can then be defined
by extrapolation of the scale model test data. As m = model value
part of the experimental research study a 12.5 inch
dimeter (8.56 percent) scale model was subjected p = full scale prototype value.

to a series of water Impact tests measuring nozzle
1 pressures, accelerations, and forces, as well as Buoyancy force scaling requires that the pres-

other pressures and forces acting on the total sure of the air sealed in the nozzle and skirt at

vehicle during the -arious phases of water penetra- initial impact also be reduced to Pm= XP . This
tion anw rebound. Initial Impact conditions were P ;

4 .-r.. varied over --complete range to develop design load was achieved by lowering the atmospheric pressure
above the water toP = X 14.7 psia.

-' dependency 5latonships. AMB



Test Program Description 5 accelerometers, 47 pressure transducers, and a
4-component strain gage force balance ,hich meas-

The model used for this test program was an ured nozzle loads. Model cylinder body transducers
8.56 percent Frotde scaled rigid body simulation of included 14 keel pressures, 6 transducers on the lee
the Space Shuttle 146 inch diameter cylindrical body side to measure cavity collapse pressures, and 2
section, 123.2 inches long with a short 18* 451 internal pressures at the aft bulkhead to indicate
flared skirt giving an overall model length of 131 internal water depth during slapdown. An axial and a

inches. The forward end of the model is closed with pitch accelerometer were mounted on th model for-
a flat bulkhead, and the aft end has a hemispherical ward and aft bulkheads, with a third pitch accel-
bulkhead with a 3.9 to 1 area ratio nozzle. The erometer mounted near the center of the model.
model was fabricated from 2219 aluminum with a
skin thickness of 0.08 inches. Fig. 8 illustrates Fig. 9 illustrates the tail section pressure
the model geometry and principal dimensions. This transducer locations, consisting of 3 bulkhead, 8
configuration represents the SRB with the nozzle nozzle, and 12 skirt transducers. Those on the
extension jettisoned. nozzle and skirt were arranged to measure both

internal and external pressure distributions. Fig.
10 presents a photographic view of the actual model

3.13 31.89m from the base.

~. -j-t1
1-2" -"00 .

pounds. wSth th7ene.f rvty7.3i4e to

I .1 S

0. Thes a4s FT

13.7 

5 05~iiI 
i

a 1.22 to the m

Oak',A Mayad.h aki 3.1 feet wid, 00ee

NOTE: ALL DIMENSIONS IN INCH4ES UNLESS INDICATED
OTHERWISE.

Fig. 8- -Model geometry

The model with Instrumentation weighed 107
pounds with the center of gravity 77.1 Inches aft of
the forward bulkhead and a pitch moment of Inertia 0.th

of 40.9 slug-fto . These mass cnaracteristics do J
not include the model instrument cable, which
wveighed approximately 0. S~7 pounds per foot,
attached to the model. 025

Testing was cnducted In the Hydroballistics A
Tank at the Naval Surface Weapons Center, White NOTE: DIMENSIONS IN INCHES.

Oak Maryland. The tank is 35 feet wide, 100 feet
long and 75 feet deep with a water depth variable Fig. 9 - Model nozzle/ skirt pressure ;7
from 0 to 65 feet. To preserve water clarity, the transducer locations
tank is lined witn stainless steel and the water is
continuously filtered. A 2 foot thick reinforced con- The nozzle and bellmouth were attached to the
crete honeycomb structure surrounds the tank and aft bulkhead through a four-component strain gage
is designed to permit reduction of air pressure force balance. This balance encircled the bellmouth
above the water for model scaling. Steam ejectors 1 inch forward of the nozzle throat and was of a
located on the building roof are used to evacuate the moment cage design so that forces and moments are
tank for pressure scaled tests. measured by individual strain gage bridges (Fig. 11).

Components measured were axial force, normal
The test model was instrumented with 56 force, pitching moment, and yawing moment.

strain gage type transducers. These consisted of
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ran at approximately 250 frames/ second and had a
60 cps timing signal.

The test program was conducted from October
t4, 1974, through November 1, 1974. A total of 69

drops were made during the test program. Forty
drops were made at a scaled atmospheric pressure
of 1.26 psia, and 29 drops were made without pres-
sure scaling. Impact conditions consisted of model
scale vertical velocities of 23.4 and 29.3 ft/sec, at
horizontal drift velocities of 0, 4.4, 8.8, and 13.1
ft/sec, and with impact angles of 0, ±5O, and *101.
Modal test velocities were Froude scale values of
full scale conditions corresponding to 80 and 100
ft/sec vertical and 0, 15, 30, and 45 ft/sec hori-
zontal. Fig. 12 is a photographic view of the model
in the launcher system employed to provide hori-

Fig. 10 - Test model nozzle/ skirt section zontal velocities. Reference 7 presents all meas-
urements made in these tests with complete defini-
tions of test program, instrumentation, data system,

*c and data processing.
i+ NORMAL

FORCE

BALANCE #A

CENTER

q{
+ AXIAL 1

: ~~CENTERLINE •P I

Fig. 11 - Nozzle force balance :

Transducer signals were transmitted from the 1 !..

model through an instrUment cable that was attached
to the model top centerline near the center of A
gravity. This cable was approximately 1. 5 inches
in diameter, 50 feet long, and weighed 48. 5 pounds. Fig. 12 - Model test setup
Model instruments were waterproofed with a corn-
bination of scotch cast epoxy resin, RTV, and TEST DATA ANALYSIS

J silicone grease. To protect the pressure trans-
ducers from thermal shocks, the diaphragms were In the process of demultiplexing each channel
recessed approximately 1/ 16 Inch below the model
r e al 1of the test analog data tape, all data were filteredskin and covered with RTV .. . . . . ... .

to 100 Hz for clarity. This would be equivalent to
Pogaicvre i tapproximately 30 Hz full scale, which is sufficientPhotographic coverage for this test was pro-

v ...ded. .. definition of the forcing function for the nozzle sys-video by two high speed 16 mm data cameras, one. . . . . . .
b om oe tem which should have a design natural frequency16 mm documentary camera, and a television of approximately 7 Hz. Next the data were con-

~~~~camera. The data cameras were set up In port- ......
camera.. .. Tedtcaverted from a real time analog signal to a digital
holes perpendicular to the model pitch and yaw fomtonitntihheN .C10Frta .• . _format consistent with the UirvAC 1109 Fortran IV
planes at the water surface. Data cameras were c. A d w jt o i
sighted so that the lens cnterline was at the water. . .. .. .. . . .bias, and strain gage force balance measurements
surface to permit split waterline viewing above b , d r ge c a e a e nwere corrected for interactions. Data of all
and below water with each camera. Both cameras
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transducers were then plotted as a function of model

scale time for use in analyses.
400

Nozzle Applied Hydrodynamic 1orces C; EXPERIMENTAL DATA
O 200 - ANALYTICAL PREDICTIONS

Since the strain gage force balance mounted 0 a
between the tozzle and bulkhead measurod only the
interface load at that point, nozzle applied hydro- 2 -

dynamic forces must be defined by adding the nozzle

inertial reaction force time history to this measure- p

ment time history, or 1.3 1 1 1. 7 %8
TIME (SEC)

FFAPPLIED MEASURED 2oo

+(Massno z Xa @ (14) -

For all practical purposes the strain gage force 1.3 IA 1.5 1.6 1.7 1.8

balance flexures were rigid compared to the fre- TIME (SEC)

quency of the applied force; therefore, bulkhead Fig. 13 - Model scale nozzle load time histories

accelerometer measuremenits could be applied
directly as nozzle accelerations. V H

Time histories of nozzle axial and lateral 12 - V FT/SECV - 100 FT/SEC

scale model test loads compared to analytically 1.0

defined peak values are shown in Fig. 13 for a o3MAX. POSITIVE. 0 30

typical maximum lo .ding initial impact condition. o0.,5 0 --l6

The forces and time scale can be ratioed to prototype 0 -0-5 0 
5 30 1. \ . '* 1' : ', ~~~ ,s • " , "/,/ 5

values by the Froude relationships presented. These % OA - 1 5. 1 ° 4D

loads actually represent those that would be applied .2- 15 10 4560 -

to a rigid system and do not include attenuation or <

amplification which might occur due to elastic 5 -0.20-- 4560

properties of the full scale vehicle system. A com-010 .-
plete dynamic response analysis of the system using 15

these loads will be conducted to define actual -_00."./ .

response design loads; however, a simplified one- -0i
dimensional analysis of this forcing function to the -. MAX. NEGATIVE

design natural frequency of the nozzle/ actuator/
flexible seal system indicates attenuation and/or 1.0 ,MAX. POSITIVE *,000f 60 ^4

amplification will be small and rigid body peak MAX POSITI3VE - 1

magnitudes of the data may be applied. Fig. 14 4-30,-

presents carpet plots of full scale positive and 0. o " 0 - . 0

ndtiload peaks as functions of initial 0 '50 . 0,' "
conditions. 0.2 -k " 10''" " o ' "' "\ '

As stated previously, compression of the air 1 -10

column between the nozzle and skirt was quite S. o 15 - , °

significant to nozzle forces. Fig. 15 shows a com- 0 -15 o t
parison of pressure scaled versus non-pressure- -0i 10 45 /30

scaled test data at identical impact conditions. There -6. 4 el

is little similarity between the two and it can be 1 MAX. NEGATIVE 10 60

. -' . rationalized that non-pressure-scaled data differs

. because: Fig. 14 - Nozzle maximum applied loads

,, I " :'4
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P, - 14.7 PSIA P. 1.26 PSIA illustrated by the time traces of Fig. 16 give a vivid
Sao 600 description of the sequence of events defining nozzle/

skirt internal flow.
400 -400

VVV1*- 0/010

200 - 200

d u -MAX. POSITIVE INTERFACE
0 '1 LOAD

-A AXIAL NOZZLE LOAD:
-2 -INITIAL SKIRT CONTACT I II"

II
-400 -400 "M SEC MAX. NEGATI'E

-I INTERFACE LOAD

-40 -400 - L 0.10SEC - -- MAX. AXIAL ACCEL
1.2 1.1 1A 1.3 1 . 1.5 EVENT

WATER CONTACT WATER CONTACT . .
VEHICLE AXIAL

P" 14.7 PSIA P, - 1.26 PSIA ACCELERATION: I

600 600 - BULKHEAD PFqESSURF:

400 400 INTERNAL SKIRT 4
PRESSURE:

INTERNAL NOZZLE

0 o o EXTERNAL NOZZLE
.O . PRESSURE:

Ir
-200 2,t ~v Fig. 16 - Time correlation of data transients

-400 - -400 At initial impact of the aft skirt ring, the

nozzle is seen to first experience a slight negative

12 1.
3  

1A 1.3 fIA Is (nozzle being pulled away from the bulkhead) axial

TIME ISECI TIME ISECI resultant load, due to the applied deceleration of the
vehicle prior to wetting of the nozzle. Vheicle axial

Fig. 15 - Comparison of test model nozzle/bulkhead deceleration immediawly begins to rise and as the
interface forces for pressure scaled and nozzle becomes wet, internal surface pressures are
unsealed test condition (V / V / 0 applied and maximum positive nozzle loading occurs.
100/0/-10*) V H Peak vehicle deceleration occurs with impact of the

water hydrodynamic head on tl.e bulkhead reflected
1. Rapid compression of the air column by its measured pressure, and complete stagnation

between the nozzle and skirt produces higher nozzle of the nozzle/skirt annulus is exemplified by peak
external pressures prior to bulkhead impact than skirt internal and nozzle external pressures. At
the pressure scaled simulation, this time, nozzle axial load bottoms out at its maxi-

mum negative value.

2. Stagnation impact of the annulus flow with

the bulkhead is attenuated and diffused by the com-
pressed air column, resulting in very small nega- SUMMARY
tive rebound nozzle loads.

Water impact recovery of NASA' a Space Shuttle
Nozzle Pressures Solid Rocket Boosters will be tail first, subjecting

the Solid Rocket Motor nozzles to large transient
Pressures measured on the internal and hydrodynamic and inertial loads. Since it was not

- external nozzle uurfaces as well as skirt internal cost effective to conduct full scale vehicle tests to
and bulkhead pressures substantiate the force meas- define these loads, an 8. 56 percent scale model
urements. Using typical cosine radial distribution experimental study was conducted in the Naval Sur-j , * •factors, the pressures were integrated, comparing face Weapons Center s Hydroballistic Tank by

:"- •1well with measured applied forcea. The pattern of Marshall Space Flight Center in October 1974. These

pertinent pressures, forces, and accelerations tests measured nozzle pressures, vehicle

159



4I

accelerations, and nozzle/bulkhead interface forces, m - added or virtual mass
as well as other dato necessary to define additional
vehicle loading conditions. P - pressure

Analytical estimates of the peak nozzle loads q - dynamic pressure, 1/2 pV 2

can be made that agree well with the test data for
simpliflea entry conditions of no horizontal velocity q - mean dynamic pressure
and small oblique angles. Results of this study have
been used to define SRB prototype design require- r - local nozzle radius
ments by analyses and correlation of the test data
and application of proper scaling laws. This paper r - average nuzzle radius
presents a review of: (1) the various flow phases
defined by water penetration, (2) the analytical t - time, sec
approach for preliminary estimates of loadc, and
(3) the scale model experimental program. At - time increment, sec

V - velocity, ft/sec
NOMENCLATURE

- average velocity [see Eq. (3)1
a - acceleration

W - weight

A - area
x - centerline axis of vehicle

A - axial projected area
Py - vertical displacement

c - speed of sound in water
z - axis normal to vehicle center-

c.g. - center of gravity line in pitch plane

Cd - coefficient of drag, DRAG/qS 0! - nozzle conical half angle, 21. 3
(see Fig. 6)

D - diameter
r - gamma function

D1,D2,D3,etc. - pressure transducers (see
Fig. 9) 6 - complement of flow defection

angle
f - local force per unit area

6 - 6 for 0i = o (see Fig. 6)
f.6) - function, Eq. (4a) o

6 - 6 at radial angle (see Fig. 6)
f(6 ) - function, Eq. (7)

0 - angle between vehicle centerline

F - total force and vertical (pitch plane angle)

Fr - Froude number 0i - pitch plane angle at initial impact

g - gravitational acceleration, A - linear Froude scale factor
32.1725 ft/sec2  (0. 0856 for model tented)

h - water height in nozzle ir - mathematical constant, 3.141593

-o .. I - moment of inertia p - density of water

L -- length 0 -- nozzle radial angle

M mass
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Subscripts Abbreviations

a - ambient air ET - External Tank of the Space
Shuttle System

ANNULUS - conditions in nozzle/skirt
annular cavity MSFC - Marshall Space Flight Center

of NASA
APPLIED - applied force

NSWC - Naval Surface Weapons Center
ARC - per unit arc width of White Oak, Maryland

AX - in axial direction PVC - Polyvinyl Chloride, type of
plastic

B - body station (inches)
RTV - Room Temperature Vulcanizing

E - values at nozzle exit plane rubber

ext - nozzle external values SRB - Solid Rocket Booster of the
Space Shutle System

F. S. - full scale values
SRM - Solid Rocket Motor of the Space

S- values at initial impact Shuttle Solid Rocket Booster

int - nozzle internal values

REFERENCES
LAT - in lateral direction

s m1. T. vonKarman, "The Impact on Seaplane Floats
m - scale model During Landing," NACA TN-321, 1929.

MAX - maximum value 2. W. R. Hoover and P. .. Reardon, "Approxi-
mate Impact Drag Coefflc~ent for the Vertical

MEASURED - force balance measured value Water-Ertry of Families ",1 Cone, Ellipsoidal,
and Tangent Ogive Nose Missiles," NOL

n - nozzle TR 64-110, October 1964.

net - resulting net nozzle force 3. V. Dawson and A. Siegel, "The State of Art
of Water-Entry Technology," NOL TR 70-209,

noz - nozzle September 1970.

ko - value at initial impact 4. K. C. Kwark, "Maximum Water Impact Loads
for the Space Shuttle 5/1/75 Baseline Con-

P - full scale prototype figuration with Severed Nozzle," Chrysler
Corporation - Space Division Technical

J ' or "'HROAT - at nozzle throat Bulletin TB-AD-75-21, August 1975.

- total 5. H. Lamb, Hydrodynamics, Sixth Edition,
Dover Publications, 1932.

- vertical component
6. K. C. Kwark, "Sealing of Tall-First, Vertical

wed - wedge Entry Model Tests of the Space Shuttle Solid
Rocket Booster," Chrysler Corporation -X axial direction parallel to vehicle Space Division Technical Bulletin TB-FT-75-

centerline 19, July 1975.
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TN-FT-75-58, April 1975.

16 2 ¢



AN EXPERIMENTAL INVESTIGATION OF THE AXIAL FORCES

GENERATED BY THE OBLIQUE WATER ENTRY OF CONES

John L. Baldwin
Naval Surface Weapons Center

White Oak, Silver Spring, Maryland

An experimental program is described in which the axial accel-

eration was measured during the oblique water entry of cone-
nosed missiles. Tests were conducted on models with total
cone angles of 45, 60, and 90 degrees entering the water
at angles of 45, 55, and 70 degrees to the horizontal at
speeds ranging from 5.2 to 64 meters/second. The results
include: the axial force coefficient as a function of
distance for each cone angle and entry angle combination,
the dependency of the axial force coefficient upon velocity,
and the loading rate during the initial increase of the
axial force coefficient. An estimate of the cross force
coefficient for 90-degree cones is also included.

INTRODUCTION Circular symmetry also simplified this
problem as shown by equation (1).

Missiles which enter water from
air experience a rapid change in
velocity due to the substantial in- G xly,8,t t ,t (i)
crease in fluid density. The forcespresent may damage or destroy the
missile structure or internal com- where x, y, B are axial, radial, and
ponents. The corcept that the surface azimuthal cylindrical coozdinates,
crossing may be placed by an respectively, t is time and G and
impulsive change n velocity has are functions describing particle
existed for some time and may still positions in the self-similar flow,
be used to advantage for some problems; e.g., elevation of the free surface
however, the dynamic analysis of the above the undisturbed surface. A
missile structure and internal com- direct consequence of self-similar
ponents requires at least the knowl- flows is that the axial force (X)
edge of the external forces as a acting on the cone during wetting is
function of time. An analysis of this given by
type was described in Reference ().Recent advances in instrumentation X = Ks (2)

and test facilities have made possible
the direct experimental determination where "s" is the penetration of the
of the water-entry forcing function nose relative to the undisturbed water
for many cases. A systematic inves- surface and K is a constant. The
tigation of entry forces has been part axial force builds up to a maximum
of the continuing investigation of value and after wetting has been com-
water-entry phenomena at the White Oak pleted, the force should decay to a
Laboratory of the Naval Surface steady-state value as the surface

• Weapons Center. recedes.

The first conf guration for which h self-similar flow' should also R
water-entry forces wsre determined was exist during the point-first oblique
that of cones at vertical entry (Ref. entry of cone-shaped missiles. An
(2)). Previously devEw.oped theory experimental program studying the
predicted that a self-similqr flow oblique water entry of cones was con-
existed during the wetting -f a con- ducted at the White Oak Laboratory to
stant velocity cone (Refs. (3), (4)).
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verify the theory and to determine the

quantitative values of the axial force.

TEST PROCEDURE

All experiments were conducted in
the Hydroballistics Pilot Facility at
the Naval Surface Weapons Center, White
Oak Laboratory (Figure 1). The test
procedure consisted of launching a
simple cone-nosed model containing an
axially mounted crystal accelerometer
from an air gun and recording the gage
output during water entry. A sche-
matic of the test arrangement is
shown in Figure 2. The accelerometer
was connected to the stationary
electronics by a trailing wire. A
light screen located near the water
triggered the recording system and
a strobe lamp. An opened plate camera
recorded the position of the model ARTIST'S CONCEPT

at several times just before water FIG. 1 HYDROBALLISTICS PILOT TANK
contact as it was illuminated by the
strobe lamp. Typical photographs of
the model are shown in the upper
portion of Figure 3. The output from
a photo pickup located beside the
camera was mixed with the accelerometer
voltage signal on one channel of a
dual-beam oscilloscope. The other TO AIR SUPPLY CRTOSCILLOSCOPE
channel displayed only the GAGECOUPLER
accelerometer voltage at a different
amplification. Typical accelerometer AIR ELECTRONIC

voltage traces are shown at the bottom STROBE GUN FILTERS

of Figure 3. Appropriate conversion CONTOPOWER\\RIG
factors are shown on the figure to UNIT
convert the accelerometer voltage
signal to acceleration in meters/
second 2 . Optical pickups located
near the muzzle triggered the COUNTER

electronic timer to provide a

secondary measurement of launch ,LINE TO PHOTO
velocity. The models used were the ' PICK.UP

same as used in the study of vertical \ VELOCITY\ }X-/," PICK-UPS WATER
entry (Ref. (2)). Design details of LIGHT : "IU" WSURFACE
the models are shown in Figure 4. REEN TRAILINGWIRE

RANGE OF VARIABLES NTILATION. STROBE LAMP FARSIDE. CAMERA AND
PHOTO PICK-UP

In this program the effects of C
entry angle, cone angle, and entry CATCHINGMAT NEARSIDE
speed were studied. The maximum base
diameter and the minimum entry angle FIG. 2 TEST EQt IPMENT SCHEMATIC

f were limited by the facility as was
the selection of entry angles.
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OSCILLOSCOPE GAIN

.2 VOLTS/CM UPPER TRACE 2 VOLTS/CM :
5 VOLTS/CM LOWER TkACE I VOLTS/CM

COMMON CONDITIONS

OSCILLOSCOPE SWEEP I M NL SEC/CM

LOW PASS FILTER SET AT IIKH,
GAGE CONSTANT - 677 .METER/SEC/VOLT
TIME CONSTANT - 011 SEC

Figure 3 - Samples of
~ I test data

'pp7

Cones of 90, 60, and 45 degrees Table 1
total angle were selected for study.
Blunter cones were limited in the Test Conditions
range of trajectory angle available
before line contact occurred, whi]e Entry Angle Measured Cone An le
finer cones had demonstrated only from Horizontal 90 60 45
small water-entry effects during ..... -

vertical entry. Overall, the launch 70 7 7 6
speeds varied between 5.2 and 64
meters/second. Table 1 shows the 55 5 9 4
number of tests conducted at each
combination of cone angle and entry 45 4 9 8
angle. _
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The acceleration was then computed
and velocity and distance determined
for each data point using trapezoidal
integration.

15.9-1 120- An equation relating the momentum
26.9DIA just before initial water contact with

F2 5F 44 / ' the momentum in the axial direction at
some later time was written ai follows:

UOM = U(M+m) + (B-Mg) sinTdt

0 (4)
RUBBER ACCELEROMETER (4

SEAL t
+ . AU2dt

ALL DIMENSIONS ARE IN MILLIMETERS 2 Cxs Ad
0

L WT(GM) MATERIAL
90 120.6 1676 ALUMINUM where U0 and U are the initial and
60 120.6 1829 ALUMINUM instantaneous velocities, respectively,
45 120.6 1922 ALUMINUM A is the base area of the model, M is

the model mass, m is the added mass of
FIG. 4 DRAWING OF MODELS. water, B is the buoyancy (weight of

water of same volume as part of cone
beneath the original water surface)? T 9
is the entry angle measured from the
horizontal, and Cxs is the axial steady-
state force coefficient. Differenti-
ation of equation (4) yields the
following:

dU (m)+Udm
d-d + + (B-Mg) sinT

dt Mm (5)
DATA REDUCTION AND RESULTS 2

Preliminary data reduction was 2 x A

done manually and involved changing
the photographic records to digital The summation of forces (F ma) was
form. The plate camera photograph was also written as:
used to determine the entry speed and
to locate the water surface relative dU
to the oscilloscope trace. The t(M+m) + (B-Mg) sin
accelerometer trace was read relative dt (6)
to the synchronizing pip. + E AU 2 = 0

The values obtained from the
photographs were entered into a time Subtracting equation (5) from equation
shared digital computer along with (6) yields an equation for the total
recorded information such as model axial force coefficient (Cx).
diameter, mass, scope gain, and entry
angle. After calculating read voltage 2 dm
(Vread) and time, a correction had to =A T + Cxs = Cxt
be applied because of the voltage
decay caused by the resistance (R) and 2 dm*
capacitance (C) of the circuit. The + Cxs = pA ds ds-/
true voltage (Vtrue) was obtained
from:

where Ct is the transient axial-force
t,)t coefficient and m* is the steady-statei °  V(true) = V(read) +  1[V (read)(tadems.

• ; f (3)

.e:::166,



-77

The steady-state axial force x
coefficient normally defined as x

= Steady-State Drag Force was P/2 AU2

1/2 p AU 2  .0.4

interpreted as the rate at which -"
momentum added mass was added to the 80.3 [,' . -

flow field in regions which would not N
later directly influence the motion 20.2 ANGLE
of the missile. In particular, the 0

steady-state axial force coefficient < /- 700
is associated with cavity development 0.1 ,'/

and viscous wakes. The quantitative j .
description of the steady-state drag 01
during water entry has been a continu- o 0 0.5 1 1.5
ing problem. Neither theory nor ex- DIMENSIONLESS DISTANCE (S/DIA)
periment has been successful. FIG.6 AXIAL FORCE DURING WATER ENTRY

OF 600 TOTAL ANGLE CONES
Acceleration had been measured

only near the surface; hence, wakes
and cavities were small and the size
of m* small. Therefore, it was
assumed that the steady-state axial
force coefficient was equal to zero.
The total axial force coefficient (Cx)
was computed at each data point using
equations (8) and (9) in an iterative
process in which the initial value of
added mass was set equal to zero.

2 ( (U (Mg-B)sin 1 8)

C pAU2 \dt g
Z1.2 -___

s ,, W
fw

m = £A Cxds (9) U.

0 Uj

The average values of total axial =•
force coefficients (Cx) for each cone o 1 / E N T R Y A N L

angle are shown in Figures 5, 6, and 7. 1 0.4 I /0
0.2 / . . ."

-7- 450

0 0 .2 0.4 0.6 0.8
C X DIMENSIONLESS DISTANCE (S/DIA.)

xc 0.3 -C
p/2AU2FIG. 7 AXIAL FORCE DURING WATER ENTRY OF 900

TOTAL ANGLE CONES.

,.L2°0.2-
LW bENTRY ANGLE
0 0

w9" , . .. 700

2. 0.1 -.40o ., i - --.

j

S0 1 2 3

DIMENSIONLESS DISTANCE (S/DIA.) Theory has indicated that equa-
tion (2) holds during oblique entry up

. .' " FIG. 5 AXIAL FORCE DURING WATER ENTRYOF 450 until the time the wetting reaches any
:- ' ~:- TOTAL ANGLE CONES. portion of the shoulder of the cone.
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The test results were correlated with DISCUSSION
the theory by comparing the distance
traveled by the model below the orig- The influence of entry speed was
inal water surface, as determined from investigated by normalizing the values
the synchronizing photograph, with the of the first maximum of the total axial
computed distance that gave the best force coefficient and performing a least
constant instantaneous drag coefficient square fit to
(Cxi) in the least square sense.

Cx  Cxo + KUo  (11)

SCxA (10)Cxi =T ptan 0 ZU2S2 = tn _1)2S 2  (0
When all of the data was used the result

was
This analysis used the data points

which had values of the axial force
coefficient lying betwean .2 and .9 of Cx = 1.015 - .00016Uo  (12)
the first maximum of Cx. The normalized
standard deviation for the seven or which was in agreement with the results
eight points used per test was approx- for the vertical entry case given in
imately of .03, except for 90-degree Reference (2) as
cones entering at 55 and 45-degree
entry angles, where deviations of about
.07 resulted. Cx = 1.008 - .00012Uo  (13)

The computed distance traveled by When the fit was performed on data for
the model less the measured distance was each cone angle, the slope changes from
normalized by dividing by the cone -.00015 for 90-degree cones to -.00019
length. The average difference of 1.0 for 45-degree cones. Hence, the major
percent was about twice as large as had effect was not a reduction in friction
been obtained for vertical entry (Ref. due to Pn increase in Reynolds number.
(2)). The major cause of the negative slope

remains unknown.
The average values of instantaneous

drag coefficient (Cxi) as a function of From equation (9), the added mass
entry angle are shown in Figure 8. is proportional to the integral of the

2× total axial force coefficient with

(C1)= PI(TAN 1/2)7S 2U2  respect to distance, i.e., the area
I 0- under the curves shown in Figures 5 - 7.

After entry the added mass for each cone
60 became approximately the same for each
-. entry angle. For those cases where

40 buoyancy, weight and steady-state drag
may be neglected, equation (4) reduces
to:

~20 UM = U(M+m) (14)

0
10 900 CONE or

_. U M (15)6- M+m
56U 0x0

0 and the velocity ratio becomes indepen-
dent of entry angle.

2 The Loading rate (force/time) was
obtained from the instaiitaneous force

2 coefficient (Cxi) via equation (10).

2 F
dX tan U3s I + (16)• ,0.6 d tPxt 2)d

,0.

a 80 70 60 s0 40
.ENTRY ANGLE

FIG. 8 INSTANTANEOUS AXIAL FORCE COEFFICIENT
VS ENTRY ANGLE
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For dense missiles the first term in the and the total axial force coefficient
bracket was neglected and U Uo ,  by the following equation:
s f Uot so equation (16) becomes( \ Cz = f(')c x  (18)

dX 2) t U  t (17) The values of were estimated for
dt 2 othe entry of a 90-degree cone. For

The force at the end of this loading vertical entry, symmetry indicates that
period is approximately the first the force vector acts vertically and
maximum of the axial force which in C; 0. During 45-degree entry, the
coefficient form is given in Figure 9, first maximum of Cx occurs just after
and the distance traveled after water water contact. The surface of the cone
contact until the first maximum is in contact with the water is in the
reach2d is given in Figure 10. horizontal plane; therefore, the force

vector is vertical and Cz = Cx.

450 CONE

0.8600CONE

1.2A'-, XMAx

(CX)MAX p/2 AUX 0W CONE

0.6 ,

2

-' 00

00 0..
U. Z.

60 CON IccE EGT
0.4 00 CONE w

0.2.

g DISTANCE TRAVELED
0.2 TO CX(MAX)

OL __CONE LENGTH
90 80 70 60 s0 40

ENTRY ANGLE

FIG. 9 MAXIMUM AXIAL FORCE COEFFICIENTS
VS ENTRY ANGLE. I I I

090  G0 70 60 50 40
ENTRY ANGLE

MG. 10 PENETRATION RATIO VS ENTRY ANGLE

The work described herein has
resulted in the determination of the A potential flow model of the
axial force. It is only a component oblique water entry of a cone showed
of the total force. Of particular that the pressure acting along an
interest may be the transverse com- incremented area could be divided into
ponent (Z) which governs bending three components: (1) the pressure
moments in the missile structure, that would result from vertical entry

at the same vertical speed of a cone
A result of self-similar flows is with the same angle between the inward

that the angle between the missile surface normal and the vertical, (2)
axis and the force vector is constant changes in pressure due to changes in
up until the time the shoulder is pressure on neighboring elements andwetted. Hence, the transverse force changes in neighboring surface shape,

coefficient (Cz) can be expressed as and (3) pressure due to translational
a function f(T) of the entry angle velocity. A simplified mathematical
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model was formulated to predict the The air trapped in the unslotted
cross force that neglected the correc- muzzle of the barrel was driven by
tions due to neighboring elements and the model against the water with at
the horizontal velocity. The average least visible effects (see Figure 3).
pressure was computed from vertical The problem should be eliminated in
entry data for each of 36 area elements, future test programs.
The value of Cx/Cz was then calculated
and the value of Cz shown in Figure 11 CONCLUSIONS
obtained from the oblique C data.
The results obtained from these cal- The results of the experimental
culations for 90-degree and 45-degree program showed that:
entry angleof a 90-degree cone agreed
with the expected values from the 1. The total axial force co-
previous discussion, efficient function was almost inde-

pendent of entry speed between five
and 64 meters per second.

X - pC.1TR2U 2  2. The axial for e coefficient
was of the form X = Ks during the
initial wetting, and the maximum
force occurred when the distance

Z-PCWR2U2 penetrated was less than the cone
1.2 ' * length.

3. After penetration of several
cone lengths, the force coefficient

1.0 approached a steady value approximately
equal to the steady-state drag at zero

Ccavitation number.

E50.8 (ESRD
. 4. Blunt cones had much larger
.

force coefficients and more rapidC (M S EDIloading 
rates than did fine cones.

Uw 0.6
5. For a fixed cone angle, the

maximum force coefficient occurred at
4 -EIE vertical entry and the maximum loading

Cz (PREDICTED) rate at the shallowest entry angle.X

0.2 6. Examination of Figures 8 and
9 show that both the maximum force
coefficient and the loading rate were

_________ very dependent on entry angle for blunt

90 80 70 s 0 4 cones, and only slightly dependent on
ENTRY ANGLE (4) entry angle for fine cones.

FIG. 11 ESTIMATED MAXIMUM TRANSVERSE FORCE The maximum transverse force
COEFFICIENT FOR WATER ENTRY OF coefficient was estimated to monotoni-
A900CONEVSENTRYANGLE cally increase from zero at vertical

e
entry to Cz = Cx cot y at an entry

At a 60-degree entry angle, the angle of 90- ] . The detailed
maximum value of Cz would be .69 caused
by all pressure being concentrated on description of the transverse force
the lower element, and the minimum value should be the subject of a future
would be .39 resulting from a vertical investigation.
force vector. The predicted value of
.51 is about 35 percent fro the upper NOMENCLATURE
bound which gives some indication as
to the accuracy of this method. A base area of cone

" During these tests the barrel of B buoyancy force
the air gun was located close to the

. water surface in order to reduce the C electrical capacitance

angle of attack induced by gravity dur-
.o ~ing air flight. This was partioul~rly _ =....= :_

necessary for the low-speed launches.
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NOMENCLATURE (Con't) REFERENCES

Cxi instantaneous axial force 1. Waser, R. H., Matteson, G. L.,
coefficient bused on varying Honaker, J. W.. "Structural
area Response Modeling of a Free-Fall

Mine at Water Entry", The Shock
Cx0  total axial force coefficient and V4tbration Bulletin Part A,

at zero entry speed 39-46 (1975)

Cxs steady-state axi3 force 2. Baldwin, J. L., "Vertical Water
coefficient Entry of Cones", NOLTR 71-25

(1971)
Cxt transient axial force

coefficient 3. Birkhoff, G., "Hydrodynamics",
Princeton University, Princeton,

Cz  transverse force coefficient N.J. (1960)

D diameter of cone base 4. Shiffman, M. and Spencer, D. C.,
"The Force of Impact on a Cone

f a function Striking a Water Surface (Vertical
Entry)", Comm. Pure and Appl Math 4,

G a function describing water 379-417, (1951)
particle positions
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Discussion

Mr. Baker (Southwest Research Institute): What
range of velocities were you firing?

Mr. Baldwin: It was between 20 and 180 ft/s
(6.2 to 55.8 m/s). We get very very little
change in the coefficients from velocity.
There is a slight reduction in the coefficient
with increased velocity and it was in both
the verticaldata and the oblique data. It may
well be a systematic error in the way we ran
the experiment. We may be running into some
filtering problems, since we filter our data to

some extent.

Mr. Baker: How do you use this?

Mr. Baldwin: You can use it for predicting
the response of components in an object that
enters in the water. Last year Bob Wasser
presented a paper that involved free fall mine
water entry and he showed that by taking the
forcing function that was derived from

accelerometer data and running it through the
NASTRAN program you could get very good re-
sults compared to a test of an instrumented
scaled model or a full scale model. There
correlation was very good so as a first step
at least you can use it this way. In the
future we will have actually measured pressure
distributions and transverse forces rather

than predicted values.
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* DELAMINATION STUDIES OF IMPACTED COMPOSITE PLATES

SC. A. Ross
University of Florida Graduate Engineering Center

Eglin AFB, Florida 32542

and

t R. L. Sierakowski
Engineering Sciences Department, University of Florida

Gainesville, Flo'da 32611

Both steel-epoxy and fiberglass-epoxy composite crossplied
plates were impacted with blunt ended cylindrical impactors at
velocities below the critical penetration velocity. Failure
mechanisms in the form of lamina delamination were observed for
thirteen different types of ply arrangements. Lamina delamina-
tion was found to be the dominant failure mode and fiber break-
age or pullout occurred only in the area in direct contact with
the impactor. It was found for impacted fiberglass-epoxy plates
that the number of plies within a given lamina, especially the
first several laminae, are very important in the resulting pro-

Agressive delamination. The extent of the damage appears to be
related to kinetic energy imparted to the plate by the impactor.

INTRODUCTION found that certain ply arrangements
have greater impact resistance for the

The impact resistance of single same volume fraction of fibers. Stud-
component materials in general depends ies on impacted graphite-epoxy plate
upon many material properties such as composites with comparison to dynamic
fracture strength, hardness, ductility; diagnostic tests have been reported by
with particular properties being more Askins and Schwartz (4).
important within certain impact veloc-

t ity ranges. However, impact resistance Most recently Hearle and Sultan [S
of composite materials is not only de- have examined the impact resistant pro.-
pendent on the specific constituent perties of woven and non-woven textile 4
material properties but also on the materials. They have reported an im-
geometrical arrangement of the imbedded provement in penetration resistance for
fiber arrays. fiber materials having a stiffening

effect at high elongations. A recent
Some early experimental studies' theoretical model proposed by Roylance,

dealing with the impact resistance et al., [6], shows promise for examin-
and penetration characteristics of ing the impact resistance of some tex-
composite plates have been reported. tile type fiber composites. The prin-
Gupta and Davids [1] have studies the ciple thrusts of the above investigation
penetration resistance of fiberglass have been directed toward examining the

I plates of varying thickness and den- penetration and/or impact resistance of
sity. Further investigations on the fiber reinforced composites. In order
impact resistance characteristics of to understand the impact resistance
fiberglass plates were conducted by mechanisms which occur during progress-

Wrzesien [2) who examined the influence ive failure in fiber composites, impactof placing steel sheeting in glass models and diagnostic tests have been

fiber composites. A noticeable improve- proposed and reported on by Cristescu
ment in the impact resistance of such et al. (7,8).
reinforced type plates was observed.
Additional studies on the impact re- In the present investigation, the
sistance of fiberglass plates examining above studies are extended to examine

. the influence of filament orientation the mode of progressive failure in
and volume fraction have been reported structurally layered fiber composites
by Ross and Sierakowski (3]. It was and the sequential layering effects

*' % k Performed Under Grant from U.3. Army 173
Research Office, Triangle Park, North Carolina

173
4N- r--a ~ -- -.-



V

dominant in controlling the impact re- or fibers used in this study are contin-
sibtant properties of such materials at uous and are uniaxially aligneo in each
velocities below the penetration lir.,its layer with a 900 orientation difference
of the specimens. The qualitative des- between lamina. Plates having a 9u0

cription of events occurring answers orientation difference between laminae
several questions raised in a previous are usually referred to as cross plied
investigation by Cristescu, -t al. [7) plates.
and forms the basis of a quantitative
description to be developed. Two types of plate test secimens

were fabricated to be representative of
an extensible and inextensible fiber

SPECIMEN FABRICATION imbedded in a brittle matrix as shown
schematically in Figure 2. The plate

Some of the terms used to des- materials studied were:
cribe the various elements of a com-
posite plate are inciuded at this point Fibers - Owens-Corning Fiberglass,
to clarify the fabrication process ies- Type N- precision-controlled rov-
cribed in this section and the failure ing, de';ity 2540 kg/m 3 and elastic
mechanisms described in later sections. modulus 72.4 GPa; Stainless-steel type
Attention is also directed to Figure 1 304, density 7833 kg/m s and elastic A
for further clarification. A plate or modulus 206.2 GPa.
laminate is defined to be a flat piece
of composite maer' -,l, containing one Matrix - Shell Epon 82t Epoxy, and
or more layers and, , lamina, whose MagnoTiWa---lastics Curing Agent D.
thickness is small cumpared to the
other dimensions. A lamina represents Several size plate configurations

given thickness of a composite plate of different cross ply orientations
or laminate, containing one or more were prepared of nominal dimensions .15m
layers whose fibers are all aligned in square and .30m square and containing
the same direction. A layer or 2ly is fifty per cent by volume fraction of
defined as a given thi.,xness of a com- fiber. A special 6061-T6 aluminum
posite plte or laminate containing plate fixture attached to a lathe as-
only one filament thickness. A fiber sembly was used in preparing the speci-
or, filament represents tha reinforcing mens, with lathe speed and cross feed
phase of the material and is held in adjusted o insure controlled fiber
place by the matrix. All the filaments spacing. Layer spacing was controlled

Individual
Layers or Plies

Hatr~x

~A 0,

/-- iber

0000,00000000-U

oocooooooo'
Plate

. " / ~One %'y Lam.,ina hcn...

' -/ ,o illy Lamina

Fig. 3 - Composite plate nomenclature
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12"1

F 3/8" Alum.

plate coated
with Teflon

bue istock p a

edges~ ~ ~~ ~ ~~~~~~~2 of the made seml nmn- ooialdmnin .15m xk05

•Lthe
chuck. !

wa pCross feed

Atr If , rm

~pulley

Fig. 2 - Winding assembly

by use of shim stock placed along the specimens) some smaller bar specimens
edges of the mandrel assembly (nomin- of nominal dimensions .15m x .025m x
ally 4 x 10"b). For the steel-epoxy .005m were prepared.
specimens, tr'e epoxy m. -, material
was poured over the wound steel wire

assembly with the edges of the assembly TEST BACKGROUND AND PROCEDURES
sealed fcr leakage, while for the fiber-
glass speiimens the epoxy matrix was It has been recognized that im-
brushed on after each successive layer pacted composite plates may fail due to
had been wo,'nd. In order to construct existence of several different failure
a specific l.inate, (00 - 900 ply mechanisms occurring separately or in
orientations) the mandrel assembly was some combination such as: shear cut-
rotated as necessary in the holder out of a plug; fiber debonding, stretch-
assembly. ing, and/or breaking and fiber pull out;

delamination; and matrix failure. In
After completing the plate lay up, a previous paper [7) a delamination

which consisted of 15 layers total mechanism was introduced and described
thickness of approximately .67 x 10- 2m, as an important feature which may account
cover plates of either aluminum (6061- for the improved impact resistance of a
T6) or wood, of nominal dimensions com- class of multilamina plates having sev-
Darable to the mandrel were clamped to eral fibe layers in each lamina. El-
the specimen and adjusted to predeter- ements of this mechanism have been also
mined thickness stops. Both cover observed for other than fiberglass

plates and mandrel assembly were spray- composite systems in (4]. The essen-
ed with teflon release agent to insure tial features of this mechanism shown
easy removal of the fabricated speci- in Figure 3, for the case of moderate
mens from the mandrel assembly. The impact velocities (i.e., below plate
mold assembly was then placed in a penetration), consist of an initial
furnace to cure at 150 0F for 2 hours shearing action as the penetrator cuts
and then air cooled. In addition to through the first layers of the com-
the .15m square and .30m square plate posite, followed by delamination of
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Fig. 3 - Delamination schematic showing initial generator strip.
A projectile; B initial generator strip; C first delamination
area; D second delamination area; E third delamination area

successive laminae. Upon impact the series of impact tests using 2.54cm x
projectile pushes a strip of the first .97cm diameter blunt ended penetrators
lamina one projectile diameter wide have been performed on plates of various
rearward and the length of this strip ply arrangements to examine (a) the
is partially dependent on 'he time for successive stages as they develop in the
the projectile to cut through the first delamination mechanism, (b) the in-
lamina. This first stage of the de- fluence of sequential lamina stacking
lamination process, area B of Figure 3, on controlling the generator strip
in turn leads transversely the second mechanism and (c) the effect of changes
lamina along the lengtn of this strip in fiber length on the observed delam-
and generates a delamination in dt ination mechanisms. Initial testing re-second lamina. The generation of the ported on in [8] described some diagnos-

delamination process in the second tic type tests which were conducted in
lamina by a strip in the first lamina this study in order to better understand

.leads to the term first generator strip the mechanism of sequential lamina de-

to define this strip. Subsequent gem- lamination. Controlled coupon specimenserator strips are formed as delamina- of nominal size (.25m x .lm x .005m) with

tion occurs rearward from one lamina three lamina consisting of different fib-
to another. The successive lengths er numbers and orientation were impact
of these generator strips appear to tested at low velocities as shown in
follow some type of arithmetic or geo- Table I. For these tests the top lamina
metric progression, with limiting re- or top and bottom lamina, were machined
peated delamination determined by the away to observe the threshold loading
total number of lamina and by the plate for noting the tendency to form a gen-
boundary. An important fcaturc of crator strip. For the specimens tested,
this failure mechanism is that the an impact velocity of 12.7m/sec was
sequence of events occur in a front to found necessary to initiate the tendency
back manner as opposed to monolithic for formation of a generator strip.
materials in which spalling occurs due Since for the most part the steel epoxy L I
to reflected tensile waves. To examine specimens a,,peared to show a symmetrical
many of these questions an extensive fracture pa-tern as shown in Figure 4,
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~TABLE 1

Specimen Types Used for Dynamic Impact Tests

a). Single fiber sandwiched between
two multifilament lamina in a
matrix; steel and glass fiber

b). Three fibers sandwiched between
two multLifilament lamina in a
matrix; steel fiber

c). Multiple fibers sandwiched
between two multifilament
lamina in a matrix; steel and
glass fiber

d). Impact tests on 0o-90* cross-
plied multifilament in a matrix
plate; steel-epoxy and glass
epoxy

TABLE 2
Plate Geometries Studied

(a) Square Plate
(.15 m x .15 m x .006 m)

(b) Square Plate(.30 m x .30 m x .006 m)

ply arrangements given in Table 3. All

plates were fixed along all edges and
were impacted with similar blunt ended
penetrators of mass 14.8g, length 2.54cm
and diameter of .97cm.

DISCUSSION AND RESULTS

In the delamination mechanism des-
cribed here, the influence of reflectedFig. 4 - Impacted Steel Epoxy dilLtational and shear waves from the

Specimen lamina interfaces and interlamina shear
waves appears to be minimal. Therefore
principal attention has been focused up-the remainder of the tests were con- on the generator strip mechanism and

ducted on fiberglass specimens. For stacking sequence importance in ply
Sthis reason, fiberglass plate speci- delamination.mens of different geometries have been

selected for further study, as indi- To examine these mechanisms thecated in Table 2, with the tested plate configurations indicated in Table
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TABLE 3
Ply Arrangements for Glass Roving Plates

Sequence as shown runs from impacted side to back of plate

Pure Epoxy

1l l l l l l l 0

101010101010101

100111000011111

ii0110110110110

110011001100110

111011101110111
1i 0 01110 01110 0.

90*
l 11 0 0 0 0 1100001

1llO000ll i0O00l
Filament directions

111100001111000

11111O(0111111

1 1 11 100 V 00 11 11 1

1l1ll~lll000000

TABLE 4

Plate No. of

Type Lamina Strip length (i) Ply Arrangementa

a 4 .119 11100001111000

b 5 .038 100111000011111

c 5 .114 111000111000111

d 6 .17 111001110011100

e 7 .114 111011101l10111

f 8 .091 110011001100110

15 .043 101010101010101
a ayer or ply sequence runs from impacted side to back of plate.

4, which constitute a part of the list- indicates the total number of represen-
ing in Table 3, are discussed. For tative lamina with different numbers of
studies of these plates a fixed impact individual layers for plates identified
velocity of 110 m/sec was used. In for convenience by the symbols a through
comarison impact failure of pure epoxy g. If we compare plates b and g each of
plates occurred at 28 m/sec and for which start with a single initial layer
fiberglass epoxy plates with a single (a 1 type direction lamina containing
lamina (all fifteen fiber layers in the only one layer), and approximately the
same direction) failure occurred at same generator strip length, the resil-60 m/sec. The second column of Table 4 tant delamination in case b is found to
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be greater than in g due to the addi-
tional thickness of the second lamina n;j
in b which allowed development of the
generator strip through the additional
plies contained within each lamina of A ,
b as shown in Figure S. Further if we t ,
examine plate e,Figure 6, which has a
single ply lamina alternating between

AV

Fig. 6 - Ply delamination for plate
type e

plate types e and c with the same num-
ber of plies in the first lamina (im-

A " pact side), with one plate containing
6 more plies or layers in the second

lamina, that is c versus e, we can ob-
(Plate b) serve a greater overall delamination

occurring in case c as shown in Figure
7. Comparison of delamination patterns
of plates type c, d, and e indicates

. ' '' that the second lamina stacking se-
VI quence constrains the resultant delamin-

, 1 , ation growth once the generator strip
4 / has developed. Plate types a and f

}. Fig. 5 Ply delamination for plates b .,
and g respectively .

i multi-ply laminae, we note that the in- i %

. itial generator strip is approximately ["
, , three times that developed in plates
~~~types b n .However, because of the . -
I ~single ply alternating secondary lamina, •, 'the delamination in the direction per-
i pendicular to the initial multi-ply

lamina direction is not fully developed Fig. 7 -Ply delamination for plate
'. as shown in Figure 6. If we compare type c

~17
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m/sec) produced the same equivalent dam-
age level. This is evident in Figure 9
which sh6ws a typical impacted large
plate of type c from Table 4. As to

changing fiber length, several circular
A holder assemblies of varying diameter

.4 (.010, .013, .615m), Figure 10, were
- . used to change the fiber length during
.,:impact using penetrators projected at

110 m/sec. Once again the same delam-
ination mechanism was evident.

Finally, to evaluate stages in the
progressive delamination sequence of
events, plates of type c from Table 4

- i!
. :

1AA

Fig. 9 Impacted large plate specimen

Fig. 8 - Delamination on plate types faa p e:
and a respectively

results shown in Figure 8. The influence
of development o' the generator strip
through multipl dlies cf lainina on the
extent of damage is apparent in the
elongated damaged area of plate c.

Two additional aspects of the gen-
erator strip mechanism were investigated
as they relate to the specimen size
necessary to budthobservechin dlengthonsequence; edge boundary effects, and ' i' 'i l' ' :ncsayt bev h eaiain' '"

the effect of changing fiber length on . :. -

progressive d-lamination. The first
question ..:,s investigated by using large
specimens as indiceted in Table 2. Im-*:: :"..pacting such specimens with penetrators

." I used in the smaller plate studies and
at comparable impact ve1 cities (110 Fig. 10 - Typical specimn holder

assemblies
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: T., "..,



were impacted using blunt penetrators 2. A. Wrzesien, "Improving th Impact
at successive incremental impacts of Resistance of Glass-Fibre Compo-
50 m/sec starting from 150 m/sec up sites," Composites, Vol. 3, July
to 450 m/sec at which point incipient 1972, pp. 172-174.
penetration was evident. The generator
strip mechanism was found to form with 3. C. A. Ross and R. L. Sierakowski,
progressive delamination occurring "Studies on the Impact Resistance
from the impacted face to the rear of of Composite Plates," Composites,
the plate in a systematic incremental Vol. 4, 1973, pp. 157-161.
progression. The progression appears
first to be arithmetic until sufficient 4. D. R. Askins and H. S. Schwartz,
damage has occurred that boundary "Mechanical Behavior of Reinforced
effects begin to influence ply delam- Plastic Backing Materials for Cer-
ination near the penetration velocity. amic Armor," AFML-TR-71-283, Wright-

Patterson AFB, Ohio, Feb., 1972.

CONCLUDING REMARKS 5. J. W. S. Hearle and M. A. I. Sultan,
"A Basic Study of the High-speed

The deformation and failure of Penetration Dynamics of Textile
monolithic homogeneous isotropic plate Materiais," Dept. of Textile Tech-
under normal impact is quite regular nology, University of Manchester,
resulting in very symmetrical crack Manchester, England, May, 1974.
patterns, damaged areas, and spall
patterns. For multi layered composite 6. D. Roylance, A. Wilde, and G. Tocci,
plates the resulting damaged area may "Ballistic Impact of Textile Struc-
become highly unsymmetrical by simply tures," Army Symposium on Solid
changing the ply arrangement or by Mechanic, October, 1972.
varying some lamina thicknesses.

7. N. Cristescu, L. E. Malvern, and R.
For static loading, the ply L. Sierakowski, "Failure Mechanisms

arrangement is very important in deter- in Composite Plates Impacted by
mining plate stiffness but in the Blunt-Ended Penetrators," ASTM STP
analysis the loading direction is un- 568, Jan. 1975, pp. 159-172.
important; wheceas for impact loading
plate damage is highly dependent upon 8. N. Cristescu, R. Sierakowski, and
the ply arrangement on the side of the C. A. Ross, "Fiber Pull Out and De-
plate being loaded. Also, for dynami- lamination Processes in Composite
cally impacted systems it appears that Materials," llth Annual Meeting of
the number of plies within a given the Society of Engineering Science,
lamina, particularly the first several Nov. 11-13, 1974, Durham, North
laminae, are very important in the Carolina.
formation of the generator strip and
the resulting progressive delamination.
Specifically, this latter growth phe-
nomenon (total damaged area) appears
to be related to the amount of kinetic
energy imparted to Lhe plate by the~impactor.

~In this paper only the 00-900
lamina orientation difference was in-

vestigated, however other, orientation
delamination sequences. The generator3. strip formaticn may not be as distinct
as in the crossplied case but the load
transfer and delamination of adjacent
laminae are expected to be very simi-~lar to that; observed in the cross-plied plates.
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Discussion

Mr. Keith (Kaman Sciences): The results you
showed were for point loadings on the plates;
in the first part of your talk, you talkea
about flier plate loadings or impulsive loads,
area loadings. Were the results that you ob- 9

tained from the area loadingn of the same
tread?

Mr. Ross: I probably mislead you there. I
intended to say at that point we were only
in that one area and we were talking about
central impact with a point load. We have not
looked at the so called bla3t or flier plate
loading; there has been some work on either
boron or graphite plates under pressure load-
ing and I think it is in the April 1975 Journal
of Composite Materials.
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SIMULATION OF X-RAY BLOWOFF IMPULSE LOADING

ON A REENTRY VEHICLE AFT END USING

LIGHT-INITIATED HIGH EXPLOSIVE*

Robert A. Benham
Sandia Laboratories

Albuquerque, NM 87115

This paper describes an experimental method in which X-ray blowoff
impulse effects are simulated by the detonation of a spray deposited
coating of explosive initiated by an intense flash of light. A specific
experiment is described in which the complex aft surface of an ad-
vanced development reentry vehicle is simultaneously loaded with a
distributed impulse including load step discontinuities.

I. INTRODUCTION AND SUMMARY allow detailed understanding of structural dy-
namics, with verification of a failure impulse.

The possibility of a Comprehensive Test
Ban Treaty emphasizes the importance of nu- Previous investigations at this facility(5 )

clear effects simulation. Several experimental and others(6, 7) have demonstrated that the
techniques have been developed to study the technique is reliable and can be used for a va-
material and structural response caused by X- riety of impulse simulation experiments. This
ray exposure. These techniques include the paper describes a closely controlled simulation
electron beam(1) and the laser beam,( 2 ) used experiment using light-initiated explosive for
primarily for material response studies, and structural experiments involving large complex
propagating sheet and rod(3) explosive as well surfaces with load discontinuities. The devel-
as magnetically driven flyer plates,(4 ) used opment of this technique represents an improve-
primarily for structural response studies. This ment in laboratory X-ray simulation capability.
paper presents a reliable experimental method
in which X-ray induced olowoff effects are sim-
ulated for the study of structural response phe- II. TEST FACTLITY
nomena. The structure is remotely spray
coated with an explosive which is initiated by Since the explosive is a primary (i.e.,
an intense flash of light, thus delivering a sim- easily detonated), all operations involving any
ultaneously applied impulse. A specific exper- significant quantity of explosive are performed
iment is described involving the impulse loading remotely. The test facility was described at
of the complex curved aft surface (flat-cone- the 45th Shock and Vibration Symposium. (8)
toroid) of an advanced development program re- The spray operation is conducted in a spray
entry vehicle. The thickness of the silver booth by an operator using master slave ma-
acetylide-silver nitrate explosive is varied to nipulators. After spraying is complete, the
produce an impulse load which matches values test unit is remotely transported to a firing
calculated for X-ray blowoff. The explosive is chamber where the light source causes surface
surface initiated to produce a pressure pulse initiation of the explosive.
lasting about two microseconds. Measurements

-' I of strain, displacement, and acceleration dur-
V,. i ing experiments at increasing impulse levels

' This work was supported by the U.S. Energy and Research Development Administration.
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Ill. TEST VEHICLE IV. TEST TECHNIQUE

The test assembly consisted of an aft Several steps, all done by remote con-
cover assembly, a frustum aft cover support, trol, were involved in performing the tests on
and a steel ballast (Figure 1). It weighed 110 this structure. The surface was sprayed with
kg and simulated the reentry vehicle overall the proper mass distribution of explosive to
weight as well as the structural characteris- produce a loading which varied as cos e* over
tics of the aft end support. The portion to be the surface when the explosive was detonated.
spray painted was the aft cover assembly, The surface was spray-painted with explosive
which consisted of a flat plate on the unit axis in a sequence of three separate operations: the
and a conical transition area blending into a flat section, the conical section, and then the
toroidal section. Instrumentation consisted toroidal section. The sprayed weight distribu-
of 12 strain gages mounted as biaxial pairs on tion was checked periodically throughout the
the inner surface of the cover and an Endevco spraying process by remotely removing the
2264-4500 accelerometer mounted on the bal- weighing coupons placed on the aft cover sur-
last weight. This accelerometer, which was face. The coupons were returned to the surface,
oriented to sense axial acceleration, was and the spraying was continued until the proper
bonded with a 0.5 mm thick layer of RTV-108 thickness (areal density) of explosive was ob-
material to obtain mechanical isolation from tained. When the spray operation was corn-
the transducer-damaging shock waves. All pleted, the instrumentation wires were
strain and acceleration data were recorded by connected to the recording system.
an Ampex FR-1400 tape recorder located in a
trailer at the test facility. The frequency re- The sprayed test unit was remotely
sponse of the tape recorder channels was 20 attached to a carriage on a monorail system.
kHz. The carriage transported the test unit to the

proper location in front of the pulsed light
source. The explosive on the test unit aft sur-
face was then initiated, producing the impulsive
load. The response data were recorded, High-

Woalspeed cameras and a displacement gage were
used to provide a measurement of the total im-
pulse applied to the test surface.

Spray Method

The spraying technique was developed
and qualified by conducting trials on a fhll size
wooden model. Figure 2 shows the spray booth
setup with the test unit in place. The unit could A
be moved up and down as well as rotated at a
controlled speed. The spray gun could be ro- A'-4
tated to three positions as well as moved hori-
zontally (traverse across the end of the unit at
a controlled speed and moved in and out with

Altcoverk Simulated respect to the unit surface).Aseby Heat Shield :

Electrical A series of separate spray operations
Recrding using masks machined from 0.96 kg/m 3 poly j

pl.sie ICables urethane foam (Figure 3) allowed accurate con-
trol of the explosive weight distribution while

ruu meeting requirements of small explosive waste
upow

test unitlthe *0 is the angle betw'een the unit axis and
Fig. I Impulse test unit the normal to the surface at the point of interest.
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Motor for the aluminum section with masks 1 and 2 (Fig-
Rotating ure 4). The unit was positioned vertically at 51
Test Unit Masks mm increments, and the spray gun traversed

the surface at a constant speed of 0.13 m/s for
*t ~ a given number of passes at each vertical posi-

tion, with the spray gun axis perpendicular to
the sprayed surface and 0.15 m away. The over-
lapping spray pattern gave a constant thickness
of explosive across the flat surface. Phenolic

r, coupons 21 mm in diameter and 0.8 mm thick,
attached to the flat cover surface, were sprayed
and periodically weighed during the spray oper-
ation to insure the proper weight dlstrbution of
explosive. The desired weight was determined
from empirically determined curves of delivered
impulse as a function of explosive areal density.

Portion of iest Msk

,Init to be Sprayed

Stationary
Hydraulic Spray Gun Vertical

Tabc for Mounted on Init

Moving the Tracks for ,sA Gun

Test Unit Horizontal i!
Vertically Motion

Fig. 2 - Spray booth setup

2 , :: Spray ("U.,

Fig. 4- Mask arraagement for spraying
the flat section

V- The second spray operation deposited a
Pnst A uniform layer of explosive on the conical see-

.... . 2 tion of the aft cover. This was accomplished
ak 3 by remotely removing mask 2, screwing in a

centered post, and placing mask 3 over the ex-
S- plosive sprayed on the flat section (Figure 5).

est Mask 4 The spray gun was positioned to be perpendicu-
Unit lar to the conical surface and 0.15 meter distant.

i The unit was rotated at a rate which produced a
surface velocity directly under the stationary
gun of 0.13 m per second. The spray gun was
actuated for a predetermined number of revolu-

Fig. 3 - Masks used to spray the aft end tions and then moved to a second position for
I another series of spray revolutions. Coupons

and remote control handling of the explosive, were weighed and the spray process continued
A uniform layer of explosive was deposited on until the desired areal density was obtained.
the flat aluminum center portion of the aft cov-
er in the first spray operaton. This was ac- In the third spray operation, a cosine
complished by masking off all of the unit except distributed layer of explosive was deposited on

Z.~
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Figur e 7 shows the aft cover at tne corn-
pletion of the spray operation. The impulse
indicated by coupon weight is compared to the
desired impulse in Figure 8.

Weight Check
Coupon Position

Rotatior n

Spray Gun, Stationary1

Fig. 5 -Mask arrangement for
spraying the conical section ,.

the tcroidal section of the cover. This was
accomplished by removing mask 1 and placing
mask 4 on the post (Figure 6). The cosine dis-
tribution was obtained by positioning and spray-
ing wit. the spray gun in three separate loca- Fig. 7 - Aft cover after spray completion

tions, the first at the 00 position of the toroid.
Sprays at plus and minus 500 built up the sides
to the proper distribution. This procedure was 0.

determined by measuring the angular di.itribu- .30, 'o n

tion of the spray pattern during trial sprays on r~l0

cylinders. Coupons at 00, 300, and 450 were X / , .
used to verify the proper distribution for this
cosine spray on the aft cover. 2

D IV' I I(0 d N, 'II1 IODI 1 1 :20 1 (r; 0 1-

M |ak 4 1 0 IlMN.'(r V0. I 1 120 (050 ,..

2 - ' D rA . I101 i I , r \(,. 2 1 150 ( (0s A1'a-

Fig. 8 - Explosive spray results

Light Array

The light source used for this test series
consisted of tungsten wire, 0.076 m. in diam-
eter, stretched between twc terminal busses

SSpa onl to form a planar array 0.75 m square. The
test specimer. was placed at the -,enter of this
array with the closest point of the sprayed sur-
face 89 mm from the light-producing tungsten ;

Fig. 6 Mask arrangement for spraying wires. A Refrasil cloth reflector was placed
the toroidal section behind the wires to increase che light intcnsity
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at the test unit surf ace. A hole in the array [ F -T] - F F]backboard, 0.61 m in diameter, allowed the . ... '

blast pressure from the explosive to pass-J-....p,-i-
through the light array without being reflected :-- - F J ...
back to the test surface. ['L4..... - --.... - ,--

A capacitor bank was connected across - I'.
the copper terminal busses. A damping foil ' .-

was placed in the capacitor circuit to dissipate "8 F I - _ -'--i-d.1

electrical energy after the explosive deton- f\ i\ tin-
ated,( 9 ) thus reducing a source of electrical 0 . , ,

noise after explosive detonation. When the L zz :-4_ "z....i
capacitor bank was discharged, an arc was -.00 0 .00 .00 W .0 .010 .012 .014
formed in the air, producing light of sufficient Tim In Stncr.
intensity to detonate the explosive. Channel ID S-28 tnt Dle WIW tet ID 3 1?

The capacitor bank, 36 kJ when charged Fig. 10 -Strain record
to 40 kV, had a ringdown frequency of 40 kHz.

A preceding investigaticA 9 ) has shc T VI. CONCLUSION j
that explosive initiation occurs wi i 1 psec
over the surface for this light array setup An experimental technique has been de-
geometry and that the applied pressure pulse veloped for producing an impulse test on a corn-
is about 2 psec in duration. Similar results plex aft cover of an advanced development re-
are expected for this experiment, entry vehicle and is presebted here. The

technique combines the safe handling of the
sensitive explosive with the ability to closely

V. IMPULSE VERIFICATION control the spray deposition of explosive on a
large complex structure that includes load dis- 4

The load level was verified by data from continuities. The detonation of this explosive
a streak ca:nera running film at 1 fool/second, with a light flash delivers a simultaneous im-
The rigid body velocity was then related to the pulse loading to the structure. The teuhnique
distributed impulse applied. An electrical dis- is a good simulation of X-ray generated impulse
placement gage attached to the test unit near loading for studying structural response.
the center of mass was also used to record
rigid body motion. Figure 9 shows the test unit This paper describec in detail for the first
after the test. The desired peak impulse level time in the open literature an experiment on a
was 150 Pa-s, the test data indicated that 141 large complex structure including load disconti-
Pa-s was actually delivered to the unit. One ulties.

strain gage record is shown in Figure 10 to
* demonstrate the quality of data obtained.
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Discussiott

Mr. Kilroy (Naval Ordnance Station, Louisville):
Normally you don't have screw threads around
explosives, how do you handle that situation?

Mr. Benham: Very carefully. In order to com-
plete any of these tests we have to do some
things that we know are not accepted practice

*and that is one of them. We never had a
detonation even though we did that particular

*operation three times on that system. The orly
thing that saved us was that the explosive d.-s
not get down into that hole during any spray
operation because when we sprayed the flat
portion it was covered with a coupon and then

Afor any other operations after that the thread
was In the hole during the spraying. Yes it

* was a potential problem.

Mr. Miller (Toole Army Depot, Toole, UT): What
types of measurements were you making with the
instrumentation?

Mr. Benham: We had strain gages mounted on the
aluminum substructure underneath the cover. We
had some accelerometers mounted down the line
from the explosive on the blast mass and theni
we had displacement gages inside. We have used
non contacting displacement gages in some cases
for displacement measurements.

rJ
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AN ARC SOURCE FOR INITIATING LIGHT-SENSITIVE EXPLOSIVES

Philip B. Higgins
Sandia Laboratories

Albuquerque, New Mexico '

A pulsed light source for the initiation of light-sensitive primary
explosives to produce impulse is described. Advantages of an array ,
of air arcs initiated by heated tungsten wires are discussed, and
methods are presented for controlling the undesired pressure gen-
erated by the air arcs. A method is described for reducing the dur-
ation of instrumentation blackout caused by coupling of transducer
wiring to the heavy current In the light source.

INTRODUCTION LIGHT SOURCE DEVELOPMENT

4

This paper describes a pulsed light A rechargeable xenon lamp has been used
source used to initiate a primary (very sen- to initiate a sprayed primary explosive, silver
altive) explosive which has been previously acetylyde-silver nitrate (SASN) ( 2]. Xenon
sprayed on the surface of a structure. When lamps up to 1.5 m in length have initiated sev-
properly initiated the explosive delivers an eral samples of sprayed lead azide, another
impulse to the surface which simulates a primary explosive, within a 1-ps time inter-
radiation-induced impulse [ I1]. The basic val [3]. In each case the lamp(s) was ener-
arrangement of the light source and structure gized by high-voltage capacitor banics,

Sis illustrated in Figure 1.

~Xenon lamps can be designed to survive
i many high-current discharges but will usually
i be d-?stroyed by the shock wave resulting from
l the initiation of nearby explosives powerful

! Fire I )enough to produce impulse evels of interest.
SwitchI Since each lamp costs in the neighborhood of

~bration shots and using as many as 15 lamps
"Strctur per shot becomes expensive.

Powe

Supl -capacitor An alternate method of generating light
' I of sufficient intensity to initiate SASN utilizes

Light . an air are [4] If a slender (0.08-mm-diameter) CSource

' .[ Itungsten wire is connected across a capacitor

Surface of the wire will increase as a result of Joule

ON'4
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the wire, an arc will form along the length of Reflectors can often be used to compensate for
the wire in the air immediately surrounding a poor fit between array and test structure. A
it E 5]. The resistance between the terminals white cloth woven of glass fibers (Trade Name:
holding the wire will drop coincidentally with Refrasil) is used. It is an excellent light re-
formation of the arc, resulting in high power flector but of sufficiently light weight to reflect
dissipation in the expanding arc. By choosing an insignificant amount of the pressure wave
suitable circuit parameters an intense white generated by the explosive. (A reflected pres-
light will be radiated by the arc which will sure wave from the explosion would add unde-
initiate SASN after a few microseconds ex- sirable late time forces to the structure.)
posure.

A technique equivalent to increasing the
The chief advantage of a wire-initiated intensity of the light source involves presensi-

air arc over a xenon lamp for "one-shot" tizing the sprayed explosive immediately before
initiation purposes is the cost savings. Even initiation. A few minutes of "sunburning" by
when the wire is inserted in a Pyrex tube to exposure to direct sunlight darkens the explo-
contain pressure effects due to the expanding sive surface and produces a significantly
arc, replacement cost of a tungsten source is denser detonation pattern when the exposed
less than 5 percent of an equivalent xenon sample is later initiated by the arc array.
lamp. Presently, this procedure is used only as

"insurance" to guarantee rapid initiation.
Two other considerations recommended

wire-initiated arcs as a light source: the
energizing circuitry is simple and parallel SOURCE VERIFICATION
feed of many wires (normally, the most con-
venient mode of operation) tends to give simul- Streaking-camera photographs were made
taneous arc formation because of equal heating to establish the light distribution of the air arc
of each wire in an array of identical wires. which forms around the heated tungsten wire.
This self-regulating feature results from the Figure 2 was taken with the slit of the camera
positive temperature coefficient of resistance coincident with one wire of an array of 12
of tungsten, which tends to equalize the energy wires, each 56 cm long. Time increases from
delivered to each wire until such time as the top to bottom in the photograph; the bright area
light-producing arc forms. indicates saturation of the film during the first

current peak in the arc. Light intensity along. I
the length of the arc is displayed horizontally.

CONFIGURATION Only minor variations of intensity are seen, 4
indicating fairly uniform radiation along the

Tungsten wires have been grouped in length of the wire. The vertical "waviness" of
various configurations to form arcs for the the photograph results from coupling between
proper illumination of sprayed structures hay- the light-source circuit and the electronic '
Sing different shapes. Flat, half-cylindrical, imaging circuits in the streaking camera.
and half-conical arrays of up to 15 wires have
been used. The distance separating the source
wires from the sprayed structure runs between ,9
10 and 14 cm.

Two techniques are frequently used to
alter the basic bare-wire array. For low-level
tests requiring impulse under 100 pascal-
seconds, the tungsten wires are inserted in
P~yrex tubes which are left open at either end *
to divert expanding gases away from the

sprayed structure. This precaution essentially
eliminates the long-term, low-level force that
would otherwise be added to the desired im-
pulse delivered to the test structure by the

-F ' iA:: explosive.

Vi 22 in.n, e , Frequently it is desirable to use an exist-
ing fixture to illuminate a new structure which

-' has only approximately the mating configuration. Fig. 2 - Streak photograph of a single air arc
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The slit of the streaking camera was ro- ARC CURRENT CONTROL
tated 90 degrees so that a small area of each
of 12 arcs could be photographed for the aper- When arcs form across the uncontained
ture period of approximately 100 ps. In Figure tungsten wires, the capacitor bank discharges
3, time increases from left to right. The orig- in the damped fashion shown in Figure 4. The
inal print shows three bright areas of diminish- top trace is the output of a Rogowski sensing
ing brightness which correspond to the first coil which generates a voltage proportional to
three peaks of the damped current trace in Fig- the time derivative ot current in the wires
ure 4. The distribution of light intensity from
wire to wire is seen to be quite uniform at a

F given point in time. di

dt

The bottom trace of Figure 4 shows the decay-
Ing arc current derived from the output of theA

Rogowski coil by electrical integration.

Attlpeak curn fseveral hundred
kiloamps flows through the a,.r arcs and is al-
most inevitably coupled into the instrumenta-
tion wiring located on the sprayed structure
less than 30 cm away. If allowed to ring down
naturally as in Figure 4, this coupled compo-
nent of the bank current would swamp the low-
level instrumentation data for as much as 100

"I S.

An exploding foil connected in series with
the wires (arcs) is used to interrupt the arc

Fig. 3 - Streak photograph of short length of current a short time after first peak [6 ] In
each of 12 air arcs. Horizontal scale: Figure 5, it is seen that the total current in the
approximately 100 js. 12 uncontained arcs (upper trace) has been

damped to an undetectable level within 20 Ps.
The lower trace shows di/dt.

Fig. 4 - Upper trace: time derivative of total 0
arc current. Vertical scale uncali-
brated. Lower trace: total current Fig. 5 - Upper trace: total clurrent in 12 un-
in 12 uncontained arcs, without series contained arcs, with series exploding
exploding foil. Vertical scale: 150 foil, 150 kA/div. Lower trace: time
kA/div. Horizontal scale: 10 ps/div. derivative of total current, uncali-
Arcs form approximately 8 ps after brated. Horizontal scale: 10 ps/div.
t=0. A
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Reduced current results when the wires
are enclosed in ll-mm-ID Pyrex tubes, as in-
dicated in Figure 6. This is attributed to the 18.6 p s

higher resistance of an arc partially contained 34 MPa

by a tube. A foil similar to that used in obtain- 00

ing Figure 5 was utilized in performing the ex- 34M3.T1 P '85p
periment with the tubes. 15o

34 MPa 1S+30'

17.2 ps

7 34 MPa ,

0 Bank Fire

1 MHz Timing
Fig. 6 - Total current in 12 arcs contained by

Pyrex tubes in series with exploding Fig. 7 - Pressure measurements from cylinder
foil. Vertical scale: 150 kA/div. sprayed with SASN. Vertical and 41

Hoi otls ae 0p / i .nor zontal scales as indicated. .j

PRESSURE SIMULTANEITY 41.

Impulse resulting from x-ray deposition

occurs essentially simultaneously over an irra- An inexpensive "one-shot" light source
diated surface. To measure the asimultaneity of has been developed for initiating silver acety-
pressure peaks occurring across a surface of lyde-silver nitrate, a primary explosive used
light-initiated SASN, four Susquehanna ST-4 to simulate radiation impulse. A 60-kJ capaci-
gages were mounted flush with the outer sur- tor bank, discharged into an appropriate array
face of an -aluminum cylinder of radius 20.5 of tungsten wires, will create a light source
cm. Sarface and gages were sprayed with capable of initiating 1100 cm 2 of SASN sprayed )
SASN having an areal density of 12.8 to 16 on a cylindrical surface. Peak pressures de-
mg/cm 2. The gages were located in a plane veloped over the surface will be simultaneous
normal to the axis at 00, -150, +300, -45 ,  within *O.8 ps.
where 00 represented the angular midpoint of
the sprayed surface. An exploding foil is used to reduce the

outage time of sensitive instrumentation by
The instrumented cylinder was then rapidly damping current in the source. With

placed concentrically inside a semicylindrical the described system, recovery of a 20-kHz
array of 12 tungsten wires 71 cm long. Wire- recording system is within 50 ps after initia-
to-surface spacing was 10.1 cm. tion of the explosive, normally soon enough torecover structural response data. AR

Gage outputs were recorded ona multi- ru r e e
track disc recorder having a bandwidth of 1.5
MHz. The results are shown in Figure 7, ACKNOWLEDGMENT
where the time jitter between first and last
pressure peak is seen to be 1.4jMs. Noted on The author wishes to thank D. L. Shirey
each gage output is the time from capacitor for his essential role in obtaining the photo-
bank firing to initial pressure and to peak graphic data.
pressure, respectively. The slow rise fol-
lowing the pressure pulse is "noise" induced

.:- in the gage lines by the heavy arc currents.
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BLAST PRESSURES INSIDE AND OUTSIDE

SUPPRESSIVE STRUCTURES

E. D. Esparza, W. E. Baker, G. A. Oldham

Southwest Research Institute
San Antonio, Texas

Suppressive structures are uniformly vented structures de-
signed to remain intact under blast loads from internal explo-
sions and are intended to attenuate the blast waves which ema-nate from them. Thspaper covers past analytical adexperi- d

mental studies in explosion venting, and summarizes much of the

recent blast loading work in the suppressives structures pro-
gram. Scaling laws are briefly reviewed, as is the concept of
an effective vent area ratio. Curve fits to external blast
overpressures and impulses are given for a variety of vent panel
designs, including nested angles, perforated plates, zees,
louvres, and interlocking I-beams. Internal blast loads consist
of initial and several subsequent reflected shocks, followed by
a much longer blowdown or quasi-static pressure. Curves are
given for prediction of the initial reflected wave overpressure
and impulse. Theories for the blowdown phase are discussed, .
followed by presentation of curves for scaled peak blowdown
pressure and duration. A computer code for prediction of intra-
panel pressures during the blowdown phase is described.

INTRODUCTION have been rectangular enclosures con-
sisting of a main frame with multi-lay-

In facilities that contain and pro- ered vented panels making up the sides
cess high explosives, there is always and roof. The technology for vented
the potential for an accidental explo- suppressive structures has not yet

sion. To prevent the propagation of reached the stage where the design is a
this explosion to other facilities con- straightforward process. Consequently,

( taining explosives or to minimize in- development programs supported by the
juries and damage in habitable build- Edgewood Arsenal (EA) are being conduct-
ings, such facilities are widely dis- ed to develop this technology so that
persed. Another method to reduce the suppressive structures can be routinely
hazards from an accidental explosion is applied to explosive processing opera-
to use partial confinement walls and tions to better protect personnel and
cubicles to direct and control the out- adjoining facilities while reducing the
put from the explosion. To further re- safety distance required between them.
duce the required spacing between high
explosives facilities, the U. S. Army, The loading from an explosive
under its ammunition plant modernization charge detonated within a vented or un-
suppressive structures which will sig- distinct phases. The first phase is

nificantly reduce or suppress the ex- that of reflected blast loading. It
ternal blast overpressures, the fragment consists of the initial high pressure,
haz.rd, and the thermal effects. The short duration reflected wave, plus per-
suppressive structures tested to date haps several later reflected pulses ar-

riving at times closely approximated by
twice the average time of arrival at the

Work performed under Contract No. DAAA- chamber walls. These later pulses are
15-75-C-0083 with the Edgewood Arsenal, attenuated in amplitude because of ir- - ,

Aberdeen Proving Ground, Maryland. reversible thermodynamic process, and
19
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they may be very complex in waveform be- In addition to determining the
cause of the complexity of the reflec- reflected blast loading and the quasi-
tion process within the structure, static gas pressure rise and decay that
whether vented or unvented. If the are needed in designing these struc-
structure has solid walls, the blast tures, the amount of venting required
loading can be estimated by using to reduce the blast pressures outside
sources of compiled blast data for nor- to a desired level must be estimated.
mally reflected blast pressures and im- Using limited data, Baker, et al. {4},
pulses such as References {1} and {2}, generated a method of correlating emit-
and the well-known Hopkinson's blast ted blast waves from suppressive struc-
scaling law (see Chapter 3 of Reference tures and comparing them to free-field
{3). The effect of vented areas in blast data to determine the degree of
the suppressive structures on reduction blast attenuation. Since a suppressive
of the reflected blast loading can be structure is made up of several vented
very complex, and will not be addressed layers, this method introduced an ef-
in detail in this paper. fective vent area ratio, aeff, which

can be computed for a variety of combi-
As the blast waves reflect and re- nations of vented elements in a sup-

reflect within the structure and as un- pressive structure. In References {5}
burned detonation products combine with and {6}, more and better blast pressure
the available oxygen, a quasi-static or data are now available, and we have up-
gas pressure rise occurs, and the sec- dated the equations for predicting the
ond phase of loading takes place. Mea- reduction in overpressure over a con-
surements of this pressure rise and its siderable range of distances outside
duration have been made by various in- the structure. Also, good external
vestigators prior to the suppressive side-on impulse measurements were made
structures program using chambers hay- by Schumacher and Ewing {5) so that the
ing a single opening for venting. Work reduction in impulse can also be pre-
has also been conducted to develop a dicted.
theory for predicting time histories of "ZI
pressures in vented structures. How- SCALING
ever, from the present program, data Blast Waves
are now also available .)m structures
uniformly vented through the sides and The scaling of properties of blast
roof. From'all of the above data, one waves from various explosives sources
obtains the answer that for the partic- is a common procedure, and most blast
ular ratios of vent area to chamber data are reported'in scaled parameters
volume tested, the venting has no ef- from the Hopkinson-Cranz or Sachs'
fect on the peak quasi-static pressure, scaling laws. These laws, and others
Thus, peak quasi-static pressures for used in blast technology, are derived
unvented or poorly vented structures and discussed in detail in Chapter 3 of
are the same. Unfortunately, essen- Reference {3). Blast waves from explo-
tially no data exist for quasi-static sions in the open are affected by mass
pressures within well-vented structures, W (or 'otal energy) of the explosive,
and the crucial question of the actual distance R from the center of the ex-
maximum gas pressure rise within such plosive, geometry and energy density of
chambers remains unanswered. We must the explosive source, and ambient atmo-
at present use the unvented pressure spheric conditions such as pressure po
rise for design purposes. An important and sound velocity ao . For charges of
point that needs to be made is that, different total energy but same type
although quasi-static pressure measure- and geometry detonated under the same
ments have been made in various vented ambient conditions, the Hopkinson-Cranz
and unvented structures, the determina- scaling law applies. It predicts {3}
tion of the peak value is subject to that overpressures (P), scaled impulses
interpretation because the reflected (i/Wl/3 ), and scaled time (t/Wl/3) are
pressures are also present on the data functions of Hopkinson-scaled distance
records. Because suppressive struc- (R/Wl/3). (If ambient conditions dif-tures consist of multi-layered walls, fer between one experiment or analysis

how the quasi-static pressure loads and another, another scaling law must
each layer is also of interest to the apply. The law usually used in thisdesigner. At this time, no data are case is Sachs' Law M3.)
available for these intrapanel pres-
sures. However, as part of this pro- Suppressive structures are intend-
gram, a computer program has been de- ed to attenuate the blast waves from
veloped to predict these pressures, accidental explosions by reflecting the
When experimental data become available initial waves striking their inner sur-
the program's accuracy can be assessed, faces, and venting the gas pressures
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behind the shock fronts at a relatively to the suppressive structures program
slow rate. In attempting to scale the {7-9), and some analyses of blowdown
properties of the waves emanating from pressures had also been made {7,10,111.
these structures, one must include pa- To compare such data and also to collate
rameters which describe the geometry and data being generated in suppressive
venting characteristics of the structure structures testing, Baker, et al. (41,
as well as the conventional scaled dis- conducted a model analysis of the explo-
tance. A scaling law for the side-on sion venting process. The resulting
pressure and scaled impulse, including scaling law has been somewhat modified
these additional parameters was postu- in Reference {12} and is:
lated by Baker, et al. (41, and is as
follows:

= cieAs) (Pij
Ps = f (R/W1/ 3, X/R, ae) (1) : Lvs 1 e1 /ta°

(i slwl 3 ) = f 2 (R/W1 l 3 , X/R, a e )  t (2)

Based on a theoretical analysis of cham-
The new parameters in this law are a ber venting by Owczarek {12,131, the
characteristic length X of the suppres- scaled pressure, P (P/p0 ), is a func-tion of y and a new scaled time
sive structure and an effective vent
area ratio ae. Model and prototype
structures are assumed to be geometri- 0 As) ta.)
cally similar for exact scaling, but the t (3)
characteristic length X can be thought
of as the square root of the wall area
of interest or the cube root of the Here, P is absolute pressure at any time
structure's internal volume V, for the t, As is internal surface area of the
law to apply in at least an approximate structure, P1 is maximum (initial) abso-
manner. The definition of ae will be lute quasi-static pressure, and y is
discussed in the next section of the pa- ratio of specific heat for the gases

per. Also inherent in the law are the within the structure. An alternate form
same assumptions inherent in Hopkinson of Eq. (2) is then
scaling, i.e., no change in ambient con-
ditions, explosive type, or geometry. P = f4 (Pl, T, y) (2a)
Heat transfer to the suppressive struc-
ture is also not considered in the de-

velpmet o th sclin la. Te sal- The initial pressure P for structuresvelopment of the scaling law. The scal- with no venting or small venting can be
ing law, of course, does not specify the whno ve r sma 11 t anobe
actual functions f and f2. These will shown to be related (4,7,8,111 to anoth
be treated later ner scaling term,

Quasi-Static Pressures PI = f5 (E/poV) (4)

As the blast waves from explosions where E is a measure of total energy re-
within suppressive structures reflect leased by the explosion. For tests with
and re-reflect, and as the energy avail- explosives of the same type and no
able from the explosive source is added change in ambient conditions, a dimen-
to the air within the structure, long- sional equivalent of Eq. (41 is:
term pressures can build up within the
structure. These pressures are termed P = f6(W /V )  (4a)
"quasi-static pressures" because they 1 6
can last long enough to apply essential-ly saticintrnalgaspresureload to where W is charge mass and V is chamberly static internal gas pressure loads to volume.
the structure.* Some data existed for
pressures within vented chambers prior

VENT AREA RATIO
*With large vent areas, these pressures F h me n s e t d"" " : ca n " .. . .. .From the model analysis used to de-

: +.2 can conceivably vent quickly enough .thatentigtimsar.comprabl tovelop the functional expression for the, un~tat venting times are comparable to. ......... _ _ _.
S % -.... . ... . . side-on overpressure outside the struc-structural response periods. In thisU " I case, the term "qu..... atic. is in ture, it is obvious that the only param-

aseorte ter haqu-stic"b is in-a eter which lacks exact definition for a
appropriate. Perhaps "blowdown or gas multi-layer, uniformly vented enclosure
pressure"is a more appropriate term.
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is e" For a single layer structure, surface, the area of the floor should

the vent area ratio is the vent area di- not be used in computing ae.
vided by the total area of the wall.
For a multi-layer wall, however, we as- The peak gas pressure is, in gen-
sumed that {41 eral, a function of the charge weight,

volume of the container, and the vent
area. However, the data in Reference
(8) indicate that for low vent area to

(5) volume ratios, the peak pressure does
e i=l not depend on this ratio. The duration

does depend on the vent area ratio, and,
This relationship has at the moment no as in the case of the external pressure,
theoretical proof. However, it does a definition of ne is required. Prior
reach the appropriate limits for large to the suppressive structures program,~all the experimental data on quasi-stat-
and small numbers of plates,and provides at
a relative measure of venting for a va- ic pressures and durations were from

riety of panel configurations. Unfortu- cubicles with a portion or all of a wall
nately, no external pressure data cur- or r)of missing. For these cases, the

rently exist for a one-layer structure vent area is the area of the opening,
with equal openings on all sides and and the definition of ae that satisfies
roof. Consequently, we have established the scaling law is the ratio of the open
as our base line the ae computed for a area tc the total interior area of the
series of perforated plates using Eq.(5) container (including floor). However,
where the vent area ratio for each layer for a multi-layer suppressive structure,
is simply ae has to be defined. Because sompe data

are available for the one-opening cubi-
(Vent Area) cles, the results from the suppressive

= Wstructures can be compared to them to
1 all Area obtain an equivalent ae. The duration

of the quasi-static pressure is a func-

A v2  tion of the peak-pressure, which is
A (6) sometimes difficult to interpret, and

2 w the ae will, of course, vary according-
ly. However, if the quasi-static pres-

For other wall elements such as sure from the multi-layer test structure
angles, louvres, zees, and I-beams used is read in a fashion similar to the data
in suppressive structures, the meaning from the one-opening cubicles, a com-

of Eq. (6) is less obvious. In obtain- parison can be made. As will be shown
ing a reasonable curve fit to the data, later (see Fig. 5), the peak pressure
the definition for ae for these types of was defined by drawing a smooth curve
elements is as shown in Fig. 1. For through the mean amplitude of the oscil-
nested angles which have approximately lations and extrapolating back to about
one opening per projected length (see the end of the second reflection, which
Fig. 1), the data indicate that they are is still considered part of the reflect-

about twice as efficient as a perforated ed pressure loading. This also accounts
plate in breaking up the side-on peak to a certain extent for the small incre-
pressure as it vents. For closer nested ment of time that is required for the
angles such that there are about two quasi-static pressure to build up with-
openings per projected length, the in the enclosure. With this maximum
angles seem to be four times as effici- pressure, the duration time as read
ent as a comparable perforated plate. from the records, and the volume of the
However, angles which are side by side structure, the only other parameter re-
and zees seem to be as efficient as a quired to plot the uniformly vented [
perforated plate. Louvres seem to be data is a value of me. For the struc-
more efficient than perforated plates by tures using I-beams, if one uses the ae
a factor of two. On the other hand, as computed for the external pressure
using the open areas as shown in Fig. 1, data fits to determine the effective
interlocking I-beams appear to be only vent area, the quasi-static pressure
half as efficient as perforated plates. data compare reasonably well with the
Note that for a uniformly vented struc- one-opening cubicle data. For the
ture, the me of the structure is exactly structure using perforated plates alone

equal that of a wall since the walls and and in combination with angles, if the
roof all have the same vented area ra- external pressure a. is multiplied by
tio. Thus, in computing me the area of two, the quasi-static pressure data al-

the floor is not used. Furthermore, so compare well with the one-opening -. -

since we are interested in comparing to cubicle data. Thus, using this method
free field data in which the charge for computing me, durations can be esti- .

would still have the floor as reflecting mated for a multi-layer, uniformly
vented structure.
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n nAvent " 2gi/N Avent J ig

/ = length of element n number of openings

t p - projected length of angle Awall -LM

N -z 2or 4 (see text)

Awall = LM a AvlAw

SL length of wall

-Avent/Awall

(a) Nested angles (b) Side-by-side angles or zees

MSM Ir-l- I -c2 I Cnr"

nJ L-a i  n
n nAvent ai/2 A 2A/ai

n
ai  * open area of louvre Av Av 2 bi

n
AWall - LM AV 2AIc i

U AvlAw AV I Aw ........

c) Louvres (d) Interlocked I -beams
Fig. 1 - Definition of effective area ratio forvarious structural elements
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PRESSURES OUTSIDE SUPPRESSIVE interchangeable wall. Thus, the struc-
STRUCTURES was not uniformly vented.

From the model analysis, the func- The structures tested by the EA
tional expression for the side-on over- have consisted of panels of perforated
pressures outside of a suppressive plates, angles, zees, and louvres.
structure is Those tested by the BRL were of basi-

cally two types. One type had similar
f(R/W 1/3'  cross-sections as the EA structures and

= eX/R, e1 consisted of a series of perforated
plates by themselves or plus angles.

As shown in Reference {4, this equa- The second type of structure consisted
tion is assumed to nave the form of interleaved I-beams wbch had not

been tested before. Table 1 lists the
(Nl )N2 N3 different types of cross-sections used

A (X/R) 7 and the equivalent vent area ratio com-

puted as outlined earlier in the paper.
Taking logarithms of both sides and The main problem encountered in reduc-
making the equation linear, a least- ing all the data to a common base was
squares c irve fit can be developed determining the relative vent area ra-
using the experimental data and stating tios, especially for the interlocking
that beams. Since the structures tested by

the EA were of similar cross-section to

] n Z, ln Z/R, ln a lnA- the O-configurations tested by the BRL,
.e] i the data from these two sets of experi-

SN 1 1 ments were used to make the first curve
fit. After some trials to obtain the

N21 relative ae's, the data fit very well,
LN as shown by Eq. (A) in Tab3z 2. The

estimate of the standard deviation, S,
n P for the experimental data about the

= in P5s (8) equation is ±12.7%, and the limits of

the pi-terms for which the equation is
or substituting matrix notation, valid are also presented in the table.

(L] (N] = (P] (8a) The data for the interlocking I-
beams were then used to determine their

A least-squares fit results for the N ae's so that a good curve fit to the
matrix when entire data base could be made. Using

the ae's listed in Table 1 for these
-1 three configurations, the data points

PN] 1 L [L (9) from the I-beam structures were fitted,
and the results are shown in Table 2.

The experimenti data used to make Again, Eq. (B) fit the data very well
this curve fit have been generated by with S = ±14.2%. For comparison pur-
the Edgewood Arsenal {6,14,15) and the poses, the BRL data from only the 0-
Ballistic Research Laboratories (BRL) configurations were fitted, and the re-

{5 using a variety of multi-layer sult. are shown in Table 2. Equation
vented structures. In Reference {4, a (C) fit the data very well with an S of
similar fit was made with the limited ±11.9%. Thus, the two sets of BRLdata,
data that were available at that time. as well as the -ne 5et obtained by the
However, subsequently, many more mea- EA, corr-late well within themselves.
surements have been made, and better
and more up-to-date curve fits are pre- Finally, the total experimental
sented here. Because of the large data data base was curve fitted to obtain a
data have been eliminated when there ing equation is shown in Fig. 2. The

was a justifiable reason. For example, resulting value of S was ±19.9%, slight-
over half of the variy &tc werc from 3 ly worse than before, but nevertheless
cubic structure in which one wall was rather good considering the great vari-
changed to test different numbers of ety of cross-sections involved. Again,
layers as well as different types of the limits of the pi-terms should not 4
elements to obtain a variety of a be violated, or considerable error
The other three walls and the etrmTied samerteewla the roof re- could result in predicting Ps or deter-
mained the same throughout the tests. mining an ae for a particular structure.
Measurements were then made of the
side-on pressure exiting through the Since one of the primary purposes

of a suppressive structure is to reduce
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Effec~tive Vent Area Ratios for Various Structures Tested

Structure Cross-Section Elementsa

81 mm, Ref. (18 Zes, Perforated Plates, and 0.025

*T-1, Ref. (5) Introkn I-beams 0.130

01Re.(5) Natdangles and Perforated 0.011
Plates

03Re.(5) Perforated Plates 0.012

04Re.(5) Perforated Plates 0.023

Ct5,Ref. (6) Side-by-side Angles and 0.017
Perforated Plates

TABLE 2
Prediction Equations for External Side-on Pressures

from Various Suppressive Structures

Eq. St::ucture Iems 0.90

127()1.64 t)0.45(e'
3

0.0 81m;Rfs 1 5 ae 04025 .03
0-1,23,4; Rf. (5) P - 91(RO

6

lntrlo):ng -bems S + 12.7t
Perfoated lates2.94 < Z < 21.0 (ft/lb,1/ 3)t*?
angle orees1.169< R/X < 4.55
andloures0.047 a < 0.023

0 -1,23,; Ref. (5) 35861(1 1.3 0.6 ()'0

Pneroated plates S - + 14.9%
wi9h <n wihu 2.93. (ft/lb 

1
/
3)*t

1.16 < R/X < 4.55
psi4 < 6.89 < 0.13P

1.5 0.3967

C 0-1,2,,4; Ref.(5) P20358 L10
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S6 .SRUTR REFERENCE a ____________2_____
0 81 mm 14,154 " 0-1 5aa./

4 & 0- a SYMBOL REFERENCE
7 0-2- 0-3 102  

a5
0-4 0 0 6

2T a T-1 a 16
T-3 u a 6 0 17 a a
T-5 18

10 1 0 CAT.5 6 4
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psi R . (psi
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0
0 10o1 0 396
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3 - 0.3967 ./KG1/3 1 FTILBs
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- 0.3967 M/KG
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3

Fig. 2 - Curve fit to side-on Fig. 3 - Free-field peak side-on
pressures outside sup- blast pressure
pressive structures

the external side-on overpressures, the in Fig. 3, the free-field data fit very
degree of reduction by a particular well about the equation shown with an S
structure is determined by comparing of ±10.7%. This curve then provides 4the external pressure at a given dis- the free-field peak pressures at vari-
tance from a charge to what it would ous values of Z for estimating the re-
have been without the structure, i.e., duction caused by a suppressive struc-
the free-field pressure. Consequently, ture.free-field pressure aata, also gener-
ated by the EA {6,16-181 and the BRL From the experiments conducted by

51, have been curve-fitted in a simi- BRL {5}, side-on impulse was also ob-
lar fashion to the structural external tained by integrating the pressure-time
pressure data to provide a free-field histories. The maximum impulses mea-
comparison curve. From the scaling sured, divided by the cube root of the
laws, the free-field overpressure is explosive charge weight (scaled im-
proportional to the scaled distance, pulse), are reported. The scaling law
Z = R/Wl/ 3. However, because one por- for the external scaled impulse from a
tion of the data is from experiments suppressive structure stated earlier in
where the charge was placed over earth, the paper iswhile the other portion is from experi-

ments over a concrete pad, the differ-/ = f2(R1/3, /, ) (
ence in the quality of the reflecting 2X/R, ae
surface prevents direct comparison of
both sets of data. Because all of the Using a similar method as for the peak
suppressive structures tested to date pressures, the scaled impulse was curve-

. have a concrete floor (or equally good fitted to obtain a prediction equation.
reflective surface), the earth data Again, the nnly parameter which lacks

• were adjusted by multiplying the charge an explicit definition is ae. Using
weight used by an empirical factor of the vent area cdtios derived for the0.62, which made the data fit the best. peak pressure data fit as the starting ,

Within the specific limits of Z shown point, a lea,.t-squares fit was
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attempted. The majority of the data PRESSURES -INSIDE SUPPRESSIVE STRUCTURES
fit well except for the data from the
two structures which had nested angles. When an explosion occurs within a
In these two cases, the angles appeared suppressive structure, the blast wavei to have attenuated the impulse more reflects from the inner surfaces of the !I
than the peak pressure compared to the structure, implodes toward the center,
perforated plate structures. If the and re-reflects one or more times. The
angles were assumed to be twice as ef- amplitude of the reflected waves usual-

fective in reducing the impulse as was ly decays with each reflection, and
computed for the peak pressure case, eventually the pressure settles to a
the impulse data fit very well. Thus, slowly decaying level, which is a func-
using the newly computed ae's of 0.008 tion of the volume and vent area of Lhe
and 0.010 for the 0-1 and 0-2 configu- structure and the nature and energy re-
rations, respectively, the data from lease of the explosion. A typical time
the perforated plate cross-section with history of pressure {19) at the wall of
and without angles provide an excellent a suppressive structure is shown in
fit, as shown in Table 3. The impulse Fig. 5. The process of reflection and
data from the I-beam structures fit pressure buildup in either unvented or
even better about Eq. (E), shown in poorly vented structures has been rec-
Table 3 with an S of ±6.5%. Both sets ognized for some time, dating from
of data were then used together to de- World War II research on effects of
rive the equation shown in Fig. 4. This bombs and explosives detonated within
last equation fits the data slightly enclosures {20}. More recently, study
worse than the two individual sets did. of these pressures has revived because
However, it is as good a fit as was of interest in design of vented explo-
achieved previously with the corres- sion chambers, and we will discuss here
ponding peak side-on pressure data. the recent work.

TABLE 3
Prediction Equations for External Side-on Scaled Impulse

from Various Suppressive Structures

Eq. Structure Side-on Scaled ImpulseE. Srcue1/3*
(psi-ms/Ibm

D 0-1,2,3,4; Ref. {5} W 12,9

Perforated plates S = i12.3% 1
with and withoutnested angles2.93 _< Z _< 15.0 (ft/lb,.3*
nested angles

0.22 < X/R < 0.86

0.008 < ae 0.023

E T-1,3,5; Ref. {51 W = 134 ( (a e)0l

Interlocking I-beams S = i6.5%

2.94 < Z < 15.0 (ft/ibm/3)

1.16 < R/X < 4.55
0.047 < a < 0.13

131/3 ' ,1 psi.'is/lbm = 8.974 kPa.ms/kg
ft 1/3  1/31 ft/b =0.3967 in/kg
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Reflected Pressures

" S! ....5  The initial shock impinging on the
6- 0 T inner surfaces of suppressive struc-0-2 tures applies an intense loading of

W11 4 0 0-3 short duration to these surfaces. This
4 0-4 - loading is complicated by the geometry

'piIlms1 - o-1 of the surface, i.e., the innermost
1bV23) " T-3 a layer of the wall, and by the overallT-5 d~ogeometry of the structure. If the w&ll

inner surfaces consist of relatively
!01 .flat surfaces such As perforated plates

or flanges of nested I-beams, the ini-
6 , 6 J tial blast wave will reflect more or09 0 05i less normally from such surfaces. The

4 W3 Z~ IX I reflected pressures and impulses can
, 6 S. t 19.25 , then be estimated with reasonable accu-jS Z5 15 1b3)racy from tests of blast waves normally

7 1.165RIX!4.55 reflected from rigid, plane surfaces
0O.W . D  { (2,21,22), or from sources of compiled
0.08Sa 0.13data based on such tests {1-3). But,

6 2 6 0 if the inner surfaces of the suppres-
,sive structure consist of geometries

04 1130.98 such as closely nested angle irons, the0.45
z X f initial reflection process is much more

complex, and measurement or prediction
1 FT/LBI

!  0.3967 M/KG
1/

3 of the initial shock loading on such
I 1/8974 surfaces is quite difficult. An upper

PSMS/LB'
/  .PA.S/K6 1/3  limit to the loading on each angle iron

Fig. 4 -Curve fit to scaled side-on can perhaps be estimated by applying
impulse.outside suppressive normally reflected pressures and im-

stru t s supppulses to the areas not shielded by ad-t jacent angles. Curves of scaled re-

flected pressure Pr and impulse ir are
included here as Fig. 6 for prediction

500 , 1 , 1 1 , 1 1

400 REFLECTED SHOCKS I Iu" 4 00-

rB APPROXIMATE QUASI-STATIC

),, A'PRESSUREJ ~100

-tO0 tmax ,
-100-

-200 I I f I

0 0.004 0.008 0.012 0.016 0.020

TIME (seconds) ,

1 PSI = 6.895 KPA

Fig. 5 - Typical time history of internal pressure at inner surface
of a suppressive structure
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77,777

greatly attenuated compared to the first
1 .\shock, so that ignoring reflected waves,

or "smoothing" through the pressure-
time traces, usually provides an accep- "4

Stable approximate pressure loading.
Quasi-Static Pressures

4 Ir X le IPrior to the suppressive structures
10X0 \program, several experimental studies

__ were conducted to measure the maximum.-/;I\ \ pressures and venting times for certain

4___ vented chambers. Weibull t231 reports
_I_. Ms maximum pressures for vented chambers
(.F b j13 of various shapes having single vents

., with a range of vent areas of (A/V
2/3)

10,< 0.0215. These maximum quasi-static
pressures are shown by Weibull to be

6 independent of the vent area ratio, and
to be a function of charge mass-to-4 voume atio(W/V) up to 0.312 lb/ft3

(4.998 kg/m3). He fit a single straight
2- line to his data, but Proctor and Filler

{7) later showed that fitting a curve
.... to the data, with asymptotes to lines

0o.2 0.4 0.6 1.0 2 4 6 10 20 4 related to heat of combustion for small
1.,13 lt1, 13, (W/V) and to heat of explosion with noafterburning for large (W/V), was more

appropriate. Additional data on maxi-
I PSI -6.39597A mum quasi-static pressures and on vent-

ni-'b/3 3.974-4' / ing times have been obtained by Keenan
I4 FA5/s3 - 0.5967f /X/ and Tancreto {8, and by Zilliacus, et

M al. {9). Data from Reference {8} were
used in Reference {4) to give predic-

Fig. 6- Normally rpeak tions of maximum quasi-static pressuresfrssures ansp ulsesa P1 versus (W/V), and a scaled duration
for bare, spherical of this pressure versus scaled vent

area ratio for initial design of sup-
pressive structures. Concurrent with

of the initial shock loading. These cations to which preceded appli-

curves are fitted to data for bare Pen- ctor an suppressive structures,
Proctor and Filler M developed a the-

tolite spheres from References {1,2,21 oyfrpeitn iehsoiso
to ~ ~ ~ ~ r and implssd:icZ: t ;in aim sl e drton22). To date, there are insufficient

data on reflected pressure loads on ac- quasi-static pressures in vented struc-
tual suppressive structures to improve tures. Kinney and Sewell {11) didst ures e likewise, and also obtained an approxi-
tocuhreeecs these figures, al- mate formula for this time history.

suno ivConverted to the scaled parameters dis-
acussed earlier, this equation is:

The initial and later reflected
shock loads on the walls of suppressive in = in P- 2.130 T (10)
structures are complicated not only by
the character of their surfaces, but This equation gives a value for scaled
also by the overall structural geometry. venting time 7 of
Only for spherical chambers is the re-
flection process regular and easily max = 0.4695 in P1 (11)
predictable. But, rectangular box or I

geometries are more practi- The problem of blowdown from a vented
cal shapes and are more adaptable to chamber is also solved theoretically by
the vented panel designs common in sup- Owczarer (12,13}, given initial condi-
pressive structures. Complex reflec- tions in the chamber, but assuming
tions and reinforcements can occur in

cornrs f suh sructres andthein- isentropic expansion through the vent.,: corners of such structures, and the im-

plosion process after shock reflection area.
is complex and irregular. Fortunately A few measurements were made of

for one's ability to predict thete
loads, the latter shocks seem from data peak quasi-static pressures early insuch as those in Reference (19) to be the suppressive structures program {16),
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but only recently have sufficient addi- found, however, that values of ae that
tional data been recorded for this were adjusted to give good correlation
class of structure to add significantly with attenuation of blast pressures out-
to the measurements for other types of outside the structure also seemed to
vented or unvented chambers. Reference give reasonable correlations of data
(19} contains most of the suppressive from Reference {191 with scaled venting
structures venting data to date, supple- times for curves from Reference {4.
mented by several measurements reported
in Reference {61. In comparing such For use in predicting maximum
data with either previous data or the- quasi-static pressures and venting
ory, there are several questions raised times, we present two graphs. The
by the general physics of the process first, Fig. 8, is identical to the one
and by the differences in venting originally made in Reference 41 of
through layered panels as opposed to Pmqx versus (W/V). Additional data
venting through single openings in points from References {6} and {19}
walls. Referring to Fig. 5, one can have been added, but these are close
see that the maximum quasi-static pres- enough to the original curve that no I
sure is quite difficult to define be- change seems warranted. The second
cause it is obscured by the initial plot in Fig. 9 shows data from four
shock and first few reflected shocks. references for scaled durations of
Obviously, several reflections must oc- vented pressures Tmax versus scaled ab-
cur before irreversible processes at- solute maximum pressure P1 . This form
tenuate the shocks and convert their of scaled presentation is dimensionless
energy to quasi-static pressure. It and replaces the earlier dimensional
therefore seems inappropriate co call one of Reference 4). It also allows
point A in Fig. 5 the peak quasi-static predictions from theory to be compared
pressure, although this is the point with data. Kinney and Sewell's Eq. (11)
used in Reference (19) to compare with is plotted in this figure, as is a the-
code predictions from Proctor {7) and oretical curve developed from Owczarek
the Kinney and Sewell equation [Eq. in Reference {12}.* Data scatter is
(10)0. We have chosen to allow some great enough that curve-fitting is dif-
time for establishing the maximum pres- ficult. But, Kinney and Sewell's equa-
sure, such as point B in Fig. 5. For tion seems to fit much better than the
the records in Reference (191, this more sophisticated theory of Owczarek.
time was chosen to be 1 ms, which al- We suggest using Eqs. (10) and (11) un- Alowed at least two shock reflections. til more data become available. Note

Koger and McKown {6) employed a some- that the scatter in the data results
what similar method to estimate peak from the fact that two measured quanti-
quasi-static pressure. ties, maximum pressure and duration

time, are plotted against each other,
Figure 5 also illustrates another and thus the measurement errors are

problem inherent in reduction of vented amplified.
pressure data, i.e., accurate determi-
nation of duration of this pressure. Intrapanel Pressures
When the pressure traces approach ambi-
ent, the shock reflections have largely To properly design a suppressive
decayed. But, they approach the base- structure tc survive the blast loading,
line nearly asymptotically, so that the it has been necessary to estimate the
duration is quite difficult to deter- loads due to gas pressure on the struc-
mine accurately. A possible duration tural components of each layer of the

is shown in the figure. walls. The flow makes a series ofStnax turns through varying areas and volumes
As has been pointed out previously, to reach the lower pressure environment.j

the definition of ae for suppressive of the atmosphere. The pressure in J
structures is not well defined. A pos- these various compartments differs from
sible definition of an ae has been the peak quasi-static pressure that is

igiven earlier, but the specific value established in the initial compartmentof this quantity for a given structure after the blast. Since no data pres-

is not necessarily the same for venting ently exist for these intrapanel pres-
and for external blast because the sures, an analysis of the flow through

- physical processes occur on much dif- the series of compartments has been
ferent time scales. Kingery, et al. conducted to estimate the pressure-time
(19) estimate ae for blowdown by curve- history in each compartment. VenLing
fitting to calculations using Proctor's
computer program {7). An example of ,
their estimating is shown in Fig. 7, Predictions of time histories of vent-|L I
indicating an a. of 0.067 for this par- ed pressures are also giveun in Refer-
ticular test and configuration. We ence (12).
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~400 40 6.7 PERCENT VENT AREA

300 TEST NO. 136
T-1, 0.5 lb, LOCATION P9
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S200
U.'
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0

-100-

"200 0.002 0.004 0.006 0.008 0.010
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~1 Psi = 6,895 KPA

Pig. 7 Comparison of measured data and computer output

for Proctor's program

1000 : I , a I,,',fill

P

Pmax0(Ps

(psi) / a 0.0 A-C

00-- < 0.65

0 0 REF. 6

13 REF. 8

6 REF. 15

-'"" . . . '',, ,g v , I ,J , I , .. .I , ,

0.0001 0.001 0.01 0.1 1.0

1 Psi - 6.895 KPA
1B 1/FT 3 = 16.02 KG/ 3

Fig. 8 - Peak quasi-static pressure in partially vented
enclosures
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4, I----A -

'/2 +12

SYMBOL REFERENCE 10 6 i lT18 (2/y+l) (14)
o8

o 9 where ," is the ratio of specific heats,
19 and CD is the discharge coefficient of

i02 THEORY, \ the vent area.

OWCZAREK--. A . The temperature rate T which is
6- due to the energy carried away by the

vented stream and the heat transfer be-
4 0 Uc 0tween the gas and the walls is given by:

P,, T(y-l)m/m + (T(-I)/PV (15)
I oI2 EQ.(11), " .

KINNEY &SEWELL where q is the heat flow rate. In
o0 1 0 cases where the venting rate is very

10' ~ Igreat, the heat transfer term can be A
0O 0- neglected. These equations can be so

6 0 solved to give the pressure rate using
-o 00DD a numerical procedure which Kinney and

4 a 0 Sewell {11} outline in their report.
The seemingly limiting assumption of

/ this analysis is that the pressure rate
o / can only be calculated down to the min-

2- imum overpressure required to give the
maximum or sonic flow. Loads of impor-

000 tance may or may not occur below this
10B  . pressure. Kinney and Sewell {11} have

0 0.5 1.0 1.5 2.0 pointed out, however, that this analy-
sis may be suitable below this minimum

t a A IeA pressure due to experimental uncertain-
Tmax V 1/3 V 3 ty at low overpressures and to the rel-

atively small overpressures existing
below this minimum.

Fig. 9 - Scaled blowdown duration vs
scaled maximum pressure The procedure for determining the

pressure-time history of a single com-
partment with sonic flow as 3resented

of a gas in a container through an open by Kinney and Sewell {1} was generally
opening has been investigated by other followed to develop a computer code
researchers {10,11}. Kinney and Sewell (P0Fl). PoF will compute the pres-

{Ii) considered a confined volume of sure time history of a multi-compart-
air that has been pressurized due to an ment system with sonic or subsonic flow.
internal explosion. The gas obeys the
ideal equation of state from which the Consider the following system (Fig. 4
pressure rate is determined as 10) with given initial conditions, where

m +(2 volume V1 is inside the suppressive

P (RT/MV)m + (P/T)T (12) structure, and the remaining volumes

where P is the absolute pressure, m the represent the space between the walls.
mass of gas retained in volume V, R the Assume that an explosion occurs in
molar gas constant, M the formula mass, V1 and heats the air in this volume,
and T the absolute temperature. The V1
mass flwrt sgvnb:causing quasi-static pressure rise.

flow rate is given by: Also assume that the initial shock wave
" Ap13) has blown through and that sonic flow

m =exists through area A. The mass flow

where p is the gas density, A is the rate out of the initial compartment can
Swee steadeiy Aithbe calculated from Eq. (14). Assuming

cross-sectional vent area, and u is the that q is negligible, the temperature ,

velocity of the escaping gas. rate and pressure rate can be deter-

mined from Eqs. (15) and (12), respec- - :
for a given upstream pressure is:
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Fig. 10 - Schematic for venting calculations

The pressure Pn in the downstream for the POOFI predictions than for the
compartments is dependent upon the other predictions. The difference is
change in the mass in the compartment less when PO0FI is programmed to assume
due to the mass flow in in-I and the sonic flow exists throughout the vent-
mass flow out mn" This can be calcu- ing process.
lated using the equation of state coup-
led with a mass balance of the system,

DISCUSSION

P = RTn (Amn + mn)/V (16) Development programs are being
supported by the U. S. Army's plant

= n- modernization program for the design
Amn  (Mn_1 - mn)At (17) and application of uniformly vented

suppressive structures. These struc-
where in-I is known from the initial tures should provide better protection
calculation. mn is dependent upon Pn, of personnel and facilities while re-
making it necessary to solve Eqs. (16) ducing the safety distances from poten-
and (17) simultaneously for Pn after tial hazards. In this paper we have
substitution of Eq. (14) into Eq. (17). presented scaling laws which apply to
The temperature change and resulting the blast waves that emanate from sup-
temperature for the selected time in- pressive structures as well as to quasi-
crement in the n-th compartment can be static pressure rise and decay from a
calculated from the initial temperature detonation in a confined volume. Using
and Eq. (15), using mnn-l. With Pn and external blast pressure data recently
Tn, m, can be calculated. This proced- acquired, we have updated earlier curve
ure is used for all compartments down- fits for predicting peak side-on pres-
stream of the initial compartment. sures from suppressive structures and
After a complete pass is made through free-field detonations. In the process
the system of compartments, the pres- we have empirically defined a method
sure in the initial compartment at the for computing relative vent areas for
next time increment is determined from multi-layered, uniformly vented struc-
the pressure rate. The procedure is tures so that predictions of external
then repeated until the quasi-static pressures and the degree of reduction
pressure goes to zero. of these pressures can be made for a

variety of wall configurations. Using
The input parameters required for experimental data from one-opening cub-

POOFl are the initial values of vent icles and suppressive structures, a
area, discharge coefficient, mass, vol- similar method for estimating effective
ume, pressure, temperature, atmospheric vent areas is given which correlates
pressure, specific heat ratio, gas con- with quasi-static pressure decay times.
stant, and time increment for each com-
partment. The output of P00Fl lists Along with external side-on pres-
the pressure as a function of time and sure predictive equations for specific
also plots these results. structures and all types of suppressive

structures for which data are avail-
Predictions of pressure versus able, predictive equations for side-on

time using POOFl have been compared to impulse have also been generated. Re-
experimental data and to results using flected pressure loading of the sup-
Proctor's code {19} and to the equation pressive structures is discussed brief-
developed by Kinney and Sewell (11). ly, and a summary graph is given for
Generally, the total time for the over- estimating the normally reflected peak

pressure to equal zero is 10-20% larger pressures and impulses as a function of
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the scaled distance. For the quasi- Arsenal sponsorship. More test data
static pressure load (which follows the are being obtained or evaluated for in-
reflected impulsive load when a deto- ternal reflected pressures, blowdown
nation occurs in a relatively closed pressures, and blast waves emanating
volume), graphs are also presented for from model or full-scale structures of
estimating the maximum quasi-static several different configurations and
pressure and venting times. Finally, panel designs. The experiments are be-
the development of a computer code to ing supported by or compared to predic-
estimate the intrapanel pressures caused tions using gas dynamic or blast phys-
by the internal quasi-static pressure is ics analyses or computer codes. Because
presented. of this ongoing work, some of the pre-

diction curves or equations presented
From the work reported in this pa- here may be somewhat modified, and will

per, it is apparent that suppressive undoubtedly be supplemented by addi-
structures can be designed to signifi- ticnal predictions for intrapanel pres-
cantly attenuate overpressures and im- sures and other parameters which are at
pulses in blast waves which emanate present ill defined.
from them, compared to explosions oc-
curring in the open or in frangible
structures. Specific applications for REFERENCES
these structures can have quite differ-
ent requirements for blast attenuation, 1. H. J. Goodman, "Compiled Free-Air
depending on factors such as the magni- Data on Bare Spherical Pentolite,"
tude of the potential explosive hazard, Rept. 1092, Feb. 1960.
proximity to adjacent structures or
operations,or whether personnel are 2. W. H. Jack, Jr., "Measurements of
normally allowed near the building or Normally Reflected Shock Waves
operation. For each application, al- from Explosives Charges," BRL
lowable blast overpressures or impulses, Memo Rept. 1499, 1963.
or both, can undoubtedly be established
versus distance or at specific dis- 3. W. E. Baker, Explosions in Air,
tances from the suppressive structure. University of Texas Press, Austin,
As an example, the Category 1 structure Texas, 1973.
discussed in some detail in References
{4) and {24} was designed to attenuate 4. W. E. Baker, P. S. Westine, P. A.
the blast overpressure from 2500 lb of Cox, and E. D. Esparza, "Analysis
Composition B exploding in a melt ket- and Preliminary Design of a Sup-
tle, to 50% or less of the free-field pressive Structure for a Melt
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Discussion

Mr. Ferritto (Naval Civil Engineering Lab):
How do you calculate the pressures and also
what are the period and the resistance of the
shell?

Mr. Baker: The pressures were calculated
based on compiled data from Henry Goodman's
work primarily which means Pentolite spheres,
so we did not take into account the fact that I
the charge might be of some other shape. If
you got very close to the wall that might
affect things but I don't really think it does
for the standoffs that we are talking about.
The initial shock durations were very near the
natural periods of these shells in almost all
cases so we were in the regime for the initial
shocks. The duration of the fundamental
periods were also a few miliseconds so there-
fore there was resonance between repeated
shocks and the chamber response and that was
accounted for in our calculations. The gas
venting pressure is very long because you are
not allowing any venting. .5

Mr. Ferritto: What was the resistance level
of the shell, the long duration resistance
capacity of the shell?

Mr. Baker: Way beyond what was possible with
any of these charges.

Mr. Mathews (Sandia Laboratories): Did you
consider the auxiliary problem of fragment
damage from the experiment?

Mr. Baker: No. The tests that are to be run
in this chamber would all be for bare charges,
or if they have fragmenting charges, they were F
willing to put in internal frag stops so it was
not considered in this design.

Mr. Brockton (Naval Surface Weapons Center):
Being crowded by neighbors I was curious about
the sort of criteria were you working to for
quietness?

Mr. Baker: Nothing specific; if we could have
zero venting they would love it and it turns a
out that in this case that is what happened.
I think that these really would be quiet, you
would only have whatever sound would be gener- '
ated on the outside by the shell driving the 4/

air and that would be very low because the
velocities are low. There shouldn't be any
venting needed for this chamber.
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DEVELOPMENT OF STRUCTURES FOR INTENSE GROUND

MOTION ENVIRONMENTS

T. 0. Hunter and G. W. Barr
Sandia Laboratories

Albuquerque, New Mexico

The development of the technology to insure the survivability of deep
buried structures subjected to short-duration, high-intensity ground mo-
tion environments requires the integration and utilization of numerous
analytical techniques, design concepts, and material characterizations.
Sandia Laboratories recently completed a program to develop a large
structure designed to survive the ground motion environment resulting
from a nuclear detonation in volcanic tuff. The paper details (1) the
analyses which established the characteristics of the ground motion en-
vironment and supported the structural design, (2) the design of an ex-
periment chamber and commensurate protective structure, and (3) the
results of the utilization of the design on an underground nuclear test.
The results are compared with the analytical prediction, thereby
reflecting on the validity of the models.

INTRODUCTION meet other functional reqluirements such as
accommodations for the local recording of

Sandia Laboratories, in conjunction with data and the provision for a large high-speed
its role in the development of nuclear weapons, closure system which would seal off the
has recently completed a program in which chamber opening.
analysis, design, and testing were performed
for large structures subjected to the intense BACKGROUND
ground motions resulting from nuclear detona-

tions in volcanic tuff [1, 2]. At the initiation of th- development program,
limited specific information was available

The ground motion environment at the about the ground mot~on environment at the
location of the structure is typically charac- location considered. Even less definitive data
terized by sLort-duration, high-intensity had been gained ab . t the response of struc-
stress and acceleration pulses. This "free tures to such environments. Consequently, an
field" environment can consist of acceleration experiment [3] wa.- conducted to establish a
amplitudes which exceed 1000 g's and peak reference for furth;er investigations. This
stress levels which are in excess of several experiment consisted of the emplacement, at a
kilobars (1 kilobar = approximately 15, 000 comparable location on an underground test,
psi). of a prototype ex-periment chamber which had

P been developed tu investigate the functioning of -
The objective of the program was the de- the closure system and the resulting general

velopment of an experiment chamber and com- structural behavior. The emplacement con- .
mensurate structures which would protect figuration for this ground motion experiment
internal components from high stress and ac- is depicted in Figure 1. The chamber was *

( ,celeratlon levels and thereby allow posttest surrounded by cellular concrete in ik cavity
recovery. In addition, the chamber had to with an elliptical cross-section. The function

*Work performed in this paper was jointly supported by the Energy Research and 'A
Development Administration and the Defense Nuclear Agency.
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Figure 1. Ground Motion Experiment Emplacement

of the cellular concrete was to accommodate systems, and structural response of the experi-
the deflection of the cavity wall and thereby ment chamber. This reference could then be
limit the stress applied to the chamber. The used to establish the design of the new mitiga-
free-field environment and the chamber were tion system and experiment chamber Nhich

instrumented to determine the resultant re- would be developed.
sponses.

SYSTEM DESIGN
The results of the ground motion experi-

ment were extremely informative. Acceler- The design of the entire protective system
ometer data, which could only be obtained for which was -ltimately utilized is shown in
about 8 milliseconds after ground shock arriv- Figure 3. The heart ,of the system was the

j al, indicated that the prototype chamber ex- experimental chamber which provided the ulti-
perienced a maximum acc-eleration of less mate protection for its contents. This chamber
than 100 g's, while the free-field acceleration was a steel weldment consisting of large,
exceeded 2000 g's. The free-field stress, thick-walled, cylindrical chambers with ex-
however, exceeded expectations by about 50%, tensive reinforcing ribs. An integral part of
resulting in removal of the voids in the celli.,ar the chamber is the closure system which
concrete and the transmission of stress to the placed a 1600-kg (3500 lb) titanium door
structure. This transmitted stress exceeded across a 1-metre opening. This door was
the capacity of the chamber, resulting in signif- pneumatically operated and closed the opening

icant damage as '-dicated by Figure 2. very rapidly. The experiment chamber was
designed to withstand a hydrostatic pressure

The ground motion experiment provided, of approximately 108 pascals (1. 0 kilobar).
in spite of ce unexpected results, basic
referenec inlormation for the free-field envi- The protective structures, whose function
ronment, the performance of stress mitigation was to attenuate the free-field stress and
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Figure 2. Ground Motion Experimnent Rlesults
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acceleration to levels below the design capac- geometry, the free-field stress, and the mo-
ity of the chamber and its contents, consisted tion characteristics of the experiment chamber.
of two principal components: (1) a high-
strength spherical concrete shell and (2) an
envelope of cellular concrete which surrounded
the experiment chamber. A thin 0. 0254-metre 7
(1. 0 in.) steel liner separated the cellular -"

concrete and the structural concrete. The con-
crete sphere was approximately 9. 1 metres - t
(-.30 ft) in diameter, while the area filled with
cellular concrete was approximately 4. 25 7
metres (14 ft) in diameter and 6. 1 metres
(20 ft) long.

0 fFigure 4. Basic Problem Statement
The structural concrete was utilized to

limit the deformations of the cavity containing Free-Field Description
the cellular concrete. If it could "withstand"
the free-field stress in a manner similar to a An essential part of the analysis effort was
thick-walled pressure vessel, the deformations the quantification of the characteristics of the
of the inner cavity would be small; hence, the ground shock pulse. Resolution of the rise
stress transmitted to the chamber would be times, peak amplitudes, and duration of the
limited to the "crush" strength of the cellular stress wave in the rock material was required.
concrete. In addition, particle motion histories were re-

quired to provide a complete description.
The experiment chamber also contained an

on-bonrd data recording system which would A one-dimensional Lagragian hydrocode
allow long-duration recording of environmental and data from previous nuclear detonations
and response data. Since data at these loca- were utilized to provide a description of the
tions had typically been of short duration due to stress pulse.
the limited gurvivability of connecting instru-
mentation cables, a tough, highly deformable Calculations [4] were performed on a wide
cable system was also employed to provide as range of probable material parameters for
much real time data as possible, volcanic tuff with specific attention given to

those data determined from coring programs.
The free-field environment was also moni- Parameter studie, included the effects of vary-

tored with "in situ" gages uxhich were recorded ing water content, porosity, density, sonic
via transmission through cables to recording velocity, elastic yield strength, and the pres-
trailers. In addition, devices were develcped sure at which complete compaction was anti-
which would measure and locally record the cipated. The CHART D hydrocode [5] was
free-field stress and acceleration, utilized for these calculations in conjunction

with continual correlation with precedent infor-
This protective system design was de- mation. The prediction for the free-field

veloped utilizing an array of analytical techni- stress pulse which was established by these
ques to investigate alternate mitigation configu- analyses is shown in Figure 5.
rations. These analyses, which were de-
veloped and conducted in concert with the de-
sign effort, played a fundamental role in deter-

4 mining the dimensions and specifications for
the configuration described.

X
2. - - - - - -

ANALYSIS

/- The analytical program which was con- . - --

ducted in support of this development was a
combination of simulation testing, material Oat900
testing, and several analytical techniques. A 0 20 3 40 50 60 70
statement of the basic problem which was
addressed is depicted in Figure 4. It was nec- TIME, mSEC

essary to resolve not only the response of the
structure but also the appropriate system Figure 5. Free-Field Pressure Pulse
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Rock-Structure Interaction Parameter Studies

Upon determination of the free-field char- Prior to detailed calculations on the spe-
acteristics at the proposed location, the pro- cific system configuration, numerous param-
blem of the rock structure interaction could eter studies were performed on simple
then be addressed. This problem posed a geometries to determine the sensitivity of
significant challenge for the analytical techni- deformations and stresses on variations in
ques which were available. Specific concerns tuff, concrete, and cellular concrete proper-
were the adequacy of models in accounting for ties. Linear elastic finite element studies
nonlinear material behavior, arbitrary dyna- performed on the model shown in Figure 6 with
mic loading, large deflections, and two- a central void (no structure or cellular con-
dimensional geometries. crete) indicated that deformations of any cavity

were extremely sensitive to the shear strength
Due to the complexity of treating the deter- of the host material, while relatively insensi-

mination of stress and motion histories for the tive to the bulk behavior.
complete system, the problem was subdivided
into two dynamic analyses: (1) the concrete Information and intuition gained from the
shell with the cellular concrete and the experi- parameter studies were then used to develop a
ment chamber modeled as a hydrodynamic ma- material testing program for all materials
terial with a rigid inclusion, and (2) the con- anticipated.
crete shell with an inner void instead of the
cellular concrete and the experiment chamber. Material Testing
This latter model is consistent with the assump-
tion that the concrete shell was to be designed A testing program was initiated at
for minimum deflection and hence a small com- Waterways Experiment Station, Sandia
paction of the cellular concrete. If small de- Laboratories, and other material testing
flections of the structural concrete could be laboratories to determine the bulk and shear
achieved, the motion of the structure could behavior of concrete, tuff, and cellular con-
then be analyzed independently by treating the crete at the stress levels which were expected
system as a rigid body in a foam-filled void. [8, 9]. Rate effects were incorporated by

testing at three distinct loading regimes:
Two methods were utilized to determine (1) pseudo static, (2) millisecond pulse rise

the stress tranamlittei to the experiment cham- times, and (3) microsecond rise times. Uni-
ber: a finite element technique which was de- axial, triaxial, and hydrostatic tests were
veloped for this application, HONDO [63, and a performed on selected samples.
two-dimensional finite-difference stress wave
code, TOODY [7]. The analytical model which The general bulk behavior observed in
was the basic field description in both methods these three materials is shown in Figure 7.
is shown in Figure 6. Numerous test results indicated that the pres-sure volume relation for concrete and tuff

P lto xs
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/e,.. 0.5
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Figure 6. Analytical Model Figure 7. Pressure Volume Relations
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could be modeled with sufficient accuracy with --

a linear elastic assumption, while cellular 3.00 - -

concrete was clearly nonlinear with volumet- -- A-
tic deformations approaching 35% allowable at 4
the nominal crush strength. o

o2.00

The respective shear behavior as charac- x ..-
terized from triaxial test data is shown In --

Figure 8. These data Indicated that, at the -a

high confining pressures which could be anti- CL 1.00 --

cipated, cellular concrete could support little U-
LU 

Nshear stress and hence approach fluidic
behavior; tuff could support only modest shear -n

stress, while structural concrete, given suf- --

ficient attention to achieve high strength, -.-0
could be expected to support significant shear
loads. 10 20 30 40

TIME, msec

(00, 2.5 ft in.)

30- --

Figure 9. Radial Stress
2o

Z
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LU I
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Figure 8. Static Triaxial Failure Data- -

TOODY Analyses .0-

With sufficient background developed on 10 20 30 40
parameter sensitivity and material behavior, TIME, msec
specific analyses [10] were then performed on (00 2.5 ft in.)
some selected configurations utilizing the
TOODY code. Various constitutive models
including linear elastic, hydrodynamic, and Figure 10. Tangential Stress
distended material were incorporated. Indica-
tive of the results of these analyses are stress I
time histories for elements within the struc- Finite Element Analyses
tural concrete as the stress wave engulfs the
system. Figures 9 and 10 Indicate the radial The finite element analyses [11, 12] which
and tangential components of stress in the con- were performed on the final configuration were
crete shell at a point 0. 76 metre (2. 5 ft) from directed at correlating the shear stresses in

the outer surface In the horizontal plane, the concrete shell with properties of concrete
Similaritybetween these results and the classi- observed in the testing program. This ac-

"". I, cal solution of compressively loaded thick- counting for a limit on shear stress of any
('I walled spheres lent credibility to the calcula- element required the development of a new con-

tions performed. stitutive relationship which included a shear ,- .
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failure criterion [13] and ultimately resulted 4 1 inch 2.54 cm

in the final version of the HONDO code.

Figure 11 presents, by comparing J 2 (the
second invariant of the stress deviator) and -

the mean confining pressure, the data which -3

were measured during the triaxial tests on the FAILURE SURFACE

concrete which was developed to exhibit high LOWER LIMIT
shear strength. Compared with these data are
failure envelopes which are accounted for in 2 - --

the constitutive relation utilized in the HONDO F FAILURE SURFACE
code. Figure 12 presents the deflections UPPER LIMIT
corresponding to ach failure envelope in the
inner radius (4. 24 metres) of the concrete - - ' - -

sphere. The testing data indicated that the 9 LINEARELASTIC
concrete mixed in the field (6 x 107 pascals SLU ETI
unconfined compressive strength) could be OLUI
bounded by the envelopes presented in these > 0
two figures. Hence, the deflections could be 0 10 20 30 40 50 60 70
limited, which was the design basis for the TIME, msec 4
entire system. Figure 12. Influence of Failure Models on

Cavity Deformation

I Ksi =6.9 x 106 pascals
5FL was determined from material properties tests

S--and scale model tests./,e, UPPER LIMIT

D T AEXPERIMENTAL RESULTS

FU - LIActive data were taken during the uliliza-
/e FAIURE SURFACE -LOWER LIMIT Lion of this design on an underground nuclear

detonation which indicated that, to a large
200 - measure, many of the analytical predictions

were confirmed. Figure 13 indicates the com-
__-_____ parison of the free-field pressure pulse ob-

tained from the active data with the predlction
previously shown in Figure 5. Although the

0 40 rise characteristics differ, the agreement of
U 0 20 30 peak amplitude and decay characteristics was

MEAN STRESS, KSI1 considered excellent.

Figure 11. Failure Model Data Comparison

Motion Analysis

The assumption of low deformation of the
concrete/ cellular concrete interface as pre- co

dicted by the finite element analysis allowed P. I CTED

the application of a lumped parameter model for -
the determination of the motion history of the M 1.5 / ,EC D
experimental chamber. Acceleration, velocity, . // ;
and displacement histories were determined in
from a one-dimensional, nonlinear model. A-/ ".=
simple two-degree-of-freedom calculation was A T o

performed in which the link of cellular con- -.5
crete between the chamber and the protective -1.0
structure was modeled as a piecewise linear 0 5 10 15 20
function of the relative displacement. This TIME. msec
"stiffness" was developed from the pressure- -"

volume behavior of the cellular concrete which Figure 13. Free-Field Pressure
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A comparison of the acceleration of the A mining reentry was initiated to obtain
experiment chamber and the calculations ob- visual observation of the entire protective sys-
tained from the lumped parameter model is tern performance. Examination of the structure
shown in Figure 14. The free-field accelera- revealed that little structural damage was evi-
tion assumed as input to the motion analysis dent. The experiment chamber was virtually
discussed above is included in Figure 15 as a undamaged structurally as shown in Figure 16.
reference. Not only was the basic agreement Closer examination indicated that deformations
satisfactory, but these data were also an early of the steel liner separating the structural con-
indicator that the modeling was adequate and crete and the cellular concrete were small and
that the deformations of the structural shell agreed closely with the predictions which had
were indeed small. been made. Figure 17 depicts a buckle in the

roof of the liner which indicates, when con-
sidered with a similar buckle on the floor,

0radial deformation of approximately 0. 076 to

ISO 0. 01 metre (3 to 4 in. ). Components inside
%, \ A the experiment chamber were protected and

160 -' found to be functioning.
I - CALCULATED

"a 140 - DATA

'~ I CONCLUSIONS
"- 320----- EXPERIMENIAL

v DATA
100 The technology for designing structures to
80 survive in intense ground motion environments
6 was demonstrated by this development pro-

gram. Active data and visual examination con-40
4- •firmed that the analyses and assumptions made

a 420-fr-/- were accurate and sufficiently refined to estab-
0 _ lish the structural design.

(1o I O 2O.0 30.0

TIME. msec Large structures capable of maintaining
openings as large as 4. 3 metres in diameter

Figure 14. Acceleration Data vs Prediction and of successfully enco 9 3tering ground pres-
sures approaching 2 x 10 pascals can be
designed and analyzed. Accelerations of large

120 structures can be reduced a factor of 10 from
free-field accelerations if attenuating material

1000 -such as cellular concrete is used in combina-
tion with competent structural design. Finite-
element, finite -difference, and lumped-param-

OW eter calculational techniques can be success-
400 fully employed to predict the severity of ground

motion environments and to determine the
"' 2W associated responses of large structures to

these environments. These techniques can
account for nonlinear material behavior, asym-

-200 - metrical loading conditions, and large defor-IJ mations. Sufficient accuracy can be obtained
from these methods to provide a basis for vary-

600 ing structural dimensions and materials so that
optimum design conditions can be approached.

-800 These methods cannot be effective, nowever,
unless adequate material models a.e incorpo-

Iwo rated and testing programs whtch certify their
-1200 validity are performed.

0.0 00100 0.0200 0 0300 0. 0403 vldt prom d
4. TIME, sec

Figure 15. Free-Field Acceleration
- ; .Motion Analysis
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Discussion predictions and measurements in fact pretestpredictions or after the fact?

Mr. Zara (McDonnell Douglas Astronautics): Howreie rdwr i yuuefrterpe r. Hunter: Let me respond to the latter. All
refined a grid work dd you use for the repre- of the comparisons were pretest predictions
sentation or the idealization of these large versus obpaions in te prentI
volumes of concrete? versus observations in the experiment. I

think Ibasically agree with all of your
Mr. Hunter: The grid work varied with the comments. There is a tremendous difference

location within the system. Near the edges of between a material which is stronger than

the boundary it was ptobably many feet. Near structural materials such as concrete, like

the center where the details of the structural granite which presents a much more difficult

interaction were important, around the concrete problem. We specifically solved the problems

interface, or the concrete tuff interface, it of large deformations, high stresses, and as

was on the order of a few feet or less; for you said conservative design. I feel that itexample we did not model such things as the 1 sets upper bound as far as knowing what

in. (.025 m) steel liner because that is very parameters need to be included in such an
difficult to do when you have mesh sJ.es on the analysis. It treats thick walled spherical
order of several feet. That was not modeled shells and not thin walled concrete spherical
but the concrete which was 6 ft or 8 ft (1.8 m shells where the failure behavior and speci-
or 2.5 m) in radial dimension would have multi- fically the effect of inner boundary conditions
ple meshs within it in both calculations, would be much more fundamental. I think I

would try to apply these conclusions primarily

Mr. Zara: Over what period of time did you to the problem that was done but realizing that
conduct this study? there are meaningful data there for more de-tailed refined calculations for systems that

Mr. Eunter: The study took a year and that have parameters that may not be so enormous in
included all of the aspects including con- the loads that are encountered but where therestructlon, fabrication, istrumentation, and is more concern about the details of the stress
testing, behavior. I would not try to apply these re-

sults to a similar problem with a thinner con-

Dr. Sevin (DNA): There is a substantial crete whell in a material like granite. I
history of testing structural configurations, would try to apply it in a case of tuff out
cylinders, spheres, and so on dating back to to pressure levels of maybe a half or a thirdcyliners, 0s.here andso uion d bak toe of these magnitudes if the structures were in
the early 60's. There is no question that the fact fairly large and thick; but if they are
environment for your particular experiment was ane
extremely severe. It seems to me that it is not, you failure criteria would have to be
well to point out the influence of the host different.
rock in deciding upon the structural config- Mr. Chen (TRW Systems): Does your two dimen-
uration and the approach you are going to take. soa mel accout foestyur meisional model account for the structure media
Tuff being a fairly pourous weak material gives interaction or do you just apply a uniform
you little choice but to approach the structure prere?
as a pressure vessel. In more competent pressure?
materials you could have had the choice of
looking into some accommodation between fully Mr. Hunter: No basically the two dimensional

restraining the host material with the struc- model was used for the structure interaction
problem. In this particular case the twoture and looking to the structural configura- dimensional model, using the finite difference

tion which itself could accommodate some dinoteacunt f ny fiure
deformations. I don't know precisely the point mech , did not account for any
you wanted to convey regarding the analytical grssnlinat of t system. ut it
capabilities but it is my own feeling that
these are somewhat extreme environments when applied to the structure because it solves the
we are looking at failure of materials such as equations of mnt±on and the :onstitutve media
concrete and steel under reverse loading interaction relations which you put in, ir. a

conditions and the state of the art is not two dimensional sense.
adequate in a general sense. I don't think we
know how concrete behaves in a consistant
plasticity sense. I think also as I understand
this experiment it had to be a conservative
design and so that I don't believe you are
offering it as a consequence of a design pro-
cedure which is cost effective in any sense.
You really wanted that package inside to be
there when you got back. So I think the state
of the art of structural design for such kinds
of environments is developing and I would
appreciate your comment on what you think you
have really demonstrated regarding the ability
to treat these high performance structures in ar
effective manner. Also were the comparisons of
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DESIGN STUDY OF AN EXPERIMENTAL
BLAST CHAMBER

:V. E. Baker and P. A. Cox
.outhwest Research InstituteSan Antonio, Texas

This paper covers the preliminary design considerations for an experi-
*mental blast chamber intended for repetitive firings of explosive charges

up to 13.61 kg in weight, with minimal disturbance to personnel in the
vicinity. It includes a survey of past work in blast chamber design, the
evaluation of several alternate design concepts and the results of analyses
performed to establish chamber material, spherical or cylindrical shape,
size and thickness. Responses to initial and reflected blast waves are
included, as well as stresses from internal static pressures. Effects of
chamber evacuation on modification of loading and chamber stresses are
shown. Other factors addressed in the paper are chamber venting for
.unevacuated chambers, responses to charges detonated off-center,
lining with shock-absorbing materials, and spalling effects.

'T1

INTRODUCTION uation at the chamber walls, methods for
Experiments with explosives can be predicting chamber response to blast loading

conducted at outdoor ranges or within suitably and a review of pertinent experimental results.
designed blast chambers. Although large- Spherlcel, cylindrical and rectangular cham-
scale experiments are limited to the former bers were all covered by the survey. How-
type of facility, many smaller scale experi- ever, evaluations performed in this study
ments can and have been expediously per- were limited to spherical and cylindrical
formed within blast chambers of various geometries.
sizes and designs. The advantages of such
chambers for small-scale testing are many, For the evaluations, quite complete
with the primary one being the ability to analyses were made of the dynamic and static
conduct tests in a controlled environment stresses induced in spherical chambers,
independent of weather conditions. Also, first by centrally located explosive charges
instrumentation, which would in itself be and then by eccentrically located charges.

,, destroyed by the explosions, can be employed For cylindrical chambors, less complete
with suitably designed chambers containing analyses were possible, but responses to
view ports, and the ambient atmospheric centrally located charges were computed.
conditions for tests can ,e controlled in some Calculations were performed for steel cham-
type of chambers. These advantages prompted bers only. Concrete construction was elimina-
the Detonation and Deflagration Dynamics ted from consideration for several reasons.
Laboratory of the BRL to fund a preliminary First, although concrete constructioa is ideal-
driign study of such a chamber, tailored to ly suited for rectangular blast chambers, it
their own requirements. This paper is based is less suitable than steel for chambers with
upon that study. curved walls, particularly for walls with double ,

S..-..: In this study, we conducted a critical curvature, such as for spherical chambers or
survey of the literature pertaining to blast the endcaps of cylindrical chaml "s. One

. chamber design and also evaluated several reason is that special forms for t..e curved
alternative design concepts for blast cham- walls are required, whereas for flat walls,

in bers. The survey was broad in scope and standard forms are available. A second
154 < included methods for transient and static reason is that the response of spherical and

load prediction, methods for blast load atten- cylindrical chambers is largel/ a membrane

W",
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type response with tensile stresses predom- the center, and re-reflect several times.

inating. This is particularly true for central- The reflecting shock wave pattern will
ly located charges. Concrete with its low eventually be dissipated through irreversible
tensile strength is obviously not ideally suited thermodynamic processes, and the pressure
for such application. A third reason is that the and temperature within the air or other gas

design requirements for the chamber included contained in the chamber will rise and pro-

the detonation of off-center charges near view- duce an essentially static pressure increase.
ing ports. Overpressures for off-center de- If the chamber is vented, this "static" pres-
tonations can be quite high, easily exceeding sure rise will decrease by exhaust of the

the tensile and also the compressive stress of higher pressure gas within the chamber
high-grade concrete. To overcome spalla- through the vent. Even if the chamber is
tion problems, if indeed they can be overcome completely sealed, the pressure will fall
for these conditions, would require the use of on a longer time scale because the high

fiber-reinforced concrete and special trans- temperature explosion products will transfer
verse reinforcing which can significantly heat to and through the walls of the chamber,

increase cost. It was for these reasons that and the gas on cooling will reduce the chamber

concrete construction was eliminated from pressure. For a blast chamber of reasonable
consideration early in the study. size, the time scale for the duration of the

first shocks reflecting from the walls will be

The analyses performed considered a of the order of milliseconds, reverberation
range of chamber sizes, and a minimum prac- times will be several milliseconds, time for

tical size for a working chamber was arbitra- pressure to return to ambient in a vented 4

rily assumed to be 3.66 m in diameter for chamber may be an appreciable fraction of

either a sphere or cylinder. When comparing a second, while times for pressure to return

spheres and cylinders, however, it was to ambient by heat transfer may be many
assumed that a sphere would require a dia- seconds.
meter which was larger than that of a cylin-

der to achieve the same efficiency in working The initial shock pressure on the walls ,

space. The final considerations in chamber of a chamber may be relatively easy to pre-
design were spallation, shock attenuating dict based on existing blast data or may be
materials, chamber openings, and general exceedingly difficult to predict, dependent

construction costs. Relative costs were upon the geometry of the chamber. The pri-
estimated on a weight basis. Detailed design mary sources of data for reflected blast j
considerations of viewing ports and doors wave properties are an excellent compilation

were not included in the -tudy. by Goodman[l), measurements of normally-
reflected blast wave properties under sea

SURVEY OF RELATED WORK level and simulated high altitude conditions,
made by Jack[Zi, and Jack and Armendtf3].

Although blast chambers are in These three references include measurements

relatively wide use at a number of government of peak pressures, time histories, and im-

and commercial facilities, all too often no pulses from blast waves which are normally
rational methods have been employed in reflected from a rigid surface. Reference 3
their design. In this part of the paper, we includes measurements conducted under

report the results of our survey of methods simulated high altitude conditions. An .

of measuring and ,'redicting the transient and additional source of data is Wenzel and
long term pressures for explosives detonated Esparza[41, wherein both normally and obli-

within blast chambers, methods of prediction quely reflected pressures and impulses were
and measurement of response of blast chai- measured for explosive charges located very
bers to the pressures, and the design of close to rigid, flat reflecting surfaces.
existing chambers. Another source of compiled data, more recent

than Goodman's and allowing predictions
When an explosive charge is detonated closer to the explosive source, is Chapter 6

within a chambe7, an intense air blast wave of Reference 5 by Baker.
is formed whic" moves outwvard from the
charge at supersonic velocity and reflects Although many of the experiments
from the walls of the chamber. Depending upon reported in References 2-4 were conduicted with
the geometry of the charge and the chamber, a very small explosive charges, the data can be

relatively simple blast wave system or an scaled to any desired weight of charge using
exceedingly complex one will be reflected well known blast scaling laws. If the ambient
from the walls of the chamber, implode toward gas in the chamber is air at normal sea level
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atmospheric pressure and temperature, then vented or unvented. Reference 6 also dis-
Hopkinson's or cube root scaling can be applied cusses a computer program developed for
to predict blast pressures and durations of the rapid estimation of blast loads from
blast pressures on the chamber walls. If the confined explosions. Weibull9lalso has
gas in the chamber is air at reduced pressure, reported some detailed measurements of
as would be true in a partially evacuated pressure-time histories on the walls of
chamber, then Sach's scaling law can be partially-closed chambers from the dptona-
applied for prediction of blast wave proper- tions of TNT charges.
ties. Both of these laws are derived, and
experimental data given to confirm them in In all of the preceding studies, the
Chapter 3 of Reference 5. Under certain aim has been to measure or predict either
conditions for strong blast waves, i.e., blast the short term or long term pressures
waves close to the explosive source, Sachs' which would be applied to the walls of a
scaling no longer applies. This is discussed blast chamber or vessel containing an
in Chapter 3 of Reference 5 and is also evident explosion. In designing a vessel or chamber
in the data reported in Reference 3. One may to contain explosions, this is only the first
therefore have difficulty in accurately pre- step in the process. Let us now review
dicting normally reflected blast wave proper- past work in prediction or measurement of the
ties in a partially evacuated chamber if the responses of pressure vessels, blast chain-
explosive charge is located near the wall of bers, expLosive storage cubicles, and other
the chamber. similar structures to the effects of internal

explosions.
The reverberation times, i. e., 41

times for blast waves to reflect from the The simplest type of structure to
chamber wall, traverse the chamber and analyze as a blast chamber is a spherical
reach the wall a second time, have seldom pressure vessel subjected to the blast from
been measured but can be reasonably well a centrally located explosive charge. Baker
estimated from compiled data on times of and Allen(IO]report a dynamic analysis
arrival of shock waves which are transmitted of the respcnse of thick spherical shells to

freely through the air. References I and 5 the reflected blast wave loading from a
both contain compilations that can be used centrally detonated explosive charge. They
to estimate these reverberation times. also report the results of a limited series

Proctor and FillerC61 do show some pressure of experimental tests and show that the
records with the repeated reflections charac- test results agree with the analysis.
teristics of reverberations in a chamber. BakerIllI presented an analysis method

ior the elastic-plastic response of thin
The long time pressure rise in a spherical shells to spherically symmetric

closed chamber in which an explosive has internal blast loading. Again, data are
been detonated is caused primarily by the presented in this reference for comparison
addition of the heat energy available in the with the prediction method both for elastic
explosive to the air or other gas within a response of the shells and for response which
chamber. A small additional pressure rise includes plastic deformation and permanent
is caused by conversion of the solid explosive strain. Loving(121 reports the results of-a
to mols of gas which are added to the gas series of proof tests of a spherical blast
already present in the chamber. The study of chamber subjected to internal detonation of
these relatively long term pressure rises has TNT explosive charges. Strain gauges were
received considerable attention in recent mounted on the chamber, and maximum
years, as is evident from three pertinent strains recorded. This reference will be
papers presented at the 14th Annual Explosive diocussed later in our review of past work
Safety Seminar. One of these papers, by on design of blast chambers.
Proctor and Filler, has already been men-
tioned. The other two are a paper on internal There have been several studies
explosions in vented and unvented chambers of response of cylindrical shells to internal
by Sewell and Kinneyj7] and a paper by blast loading. de Malherbe, et al[1 3 l

-- Keenan and Tancreto on effects of venting and report a relatively simple method of analysis
S'- frangibility on blast environment from explo- for the rea ponse of a cylindrical shell to

sions in cubicles(8 j. All three of these papers transient internal pressure. They also
include data and/or methods of estimating the report exr,erimental data on both the pres-
long term pressure rises causec by internal sures wit.ain and strain response of a long
explosions in chambers which are either cylinder produced by the internal detonation
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of a gas mixture. Another study applicable to heavily damaged, will prevent propagation of
cylindrical vessels is an entirely empirical an explosion from one explosive storage cu-
one by Mackenzie, et al[141. They were con- bicle to the next, or will prevent projection
cerned with containing the effects of explo- of damaging fragments in the event of an
sives which were to be irradiated in a nuclear accidental explosion within a cubicle, This
reactor. They presented data for diameters work is well summarized by Cohen and Dobbs
and thicknesses of cylinders of various mat- in Reference 17. Unfortunately, because of
erials which can contain detonation of explo- the emphasis on gross structural Jamage
sives without rupture. The cylinders were, (limit design) of the structure, the work is
however, bulged considerably by the effects of of little use to this study of chambers designed
the internal detonations. Finally, Hanna, et for repeated detonations.
al[151, described the results of a series of
experiments on response of cylindrical pres- One of the problems of concern in the
sure vessels with spherical end caps to blast use of reinforced concrete structures as
waves from internal detonations. Strain blast chambers is the possibility of spalling
measurements were reported at a number of of the outside wall of the structure as an
locations on a series of shells which were, intense compression shock wave is trans-

scale models of each other. This paper con- mitted through the wall and reflected as a
tained no analysis because it was designed tensile wave. The basic phenomenology of
primarily to test the scaling of response of spalling or scabbing, as it is sometimes
structures of this type to internal bLast load- called, is well known[ 181. Spalling can be
ing. However, the data indicate the quanti- prevented either by limiting the magnitude
ties of explosive which can be safely detona- of the shock overpressure on the inner
ted within a pressure vessel which is of other surface of a wall or by attenuating the shock
than spherical shape. betore reaching the wall by use of granular

or other energy absorbing materials. In a
We found only one study of the response study of lining materials for reduction of

of a containment structure, resembling a reponse of a reactor containment vessel to
pressure vessel, to explos:ons which occur internal explosions, Hanna and Ewing [193
anywhere other than at the center of the reported that several materials which are
vessel. This study, for the elastic response good acoustic absorbers also, markedly
of spherical vessels to eccentrically loaded reduce the strains generated in a spherical
explosive charges, is reported by Baker, shell by the detonation of internal explosives.
et af J11. The response prediction met!-od Several of the material tested also with-
given in this reference is much more complex stood a number of experiments with no
than those in References 10, II or 13 because apparent deterioration. Some limited studies
many modes of vibration of the spherical of use of such materials a3 cellular concrete
shell are excited by the asymmnetric loading, and sulphur foam to attenuate strong shocks
Reference 16 also contains limited compari- sufficiently t i prevent spalling in concrete
sons of predicted response with measure- are reported by Sullivan and Bombich (20.
ments of strains generated by eccentrically Unfortunately, materials of this kind work
located explosive charges. The comparisons best when they are crushed by the initial
appear to be good enough for most engineering blast loading. They would therefore not be

purposes. efficient for use in a blast chamber intendedI for repetitive testing.

' Compared to past work in the pre-

diction and measurement of response of Although it is Rpparent from thespherical or cylindrical pressure vessels to preceding discussions that there exists a

internal explosions, there has been very considerable boiy of empirica. data and

little effort devoted to prediction or measure- methods for estimating preasure loading and
ment of the response of rectangular chambers response of blast chamber, to this loading,
to such loads. Furthermore, most past there have bren few instances of ra:ional
studies were limited to steel vessels of a design of blast chambers based on such
single thickness of material. There has knowledge. The most apparent case is the
been, however, an extensive program, sup- design discussed by Loving in Reference IZ.
ported by the Department of Defense Explo- it is clear that the author has an excellent
sive Safety Board (DDESB), fer design and practical knowledge of the requirements
analysis of protective structures. These of a blast chamber and that he also was
efforts have been devoted to designing struc- aware of the effects of the transient pres-
tures of reinforced concrete which. although sures from first shock arrival, even through
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his design was based on the long term hydro- massive and extremely strong. We have
static pressure rise. Loving rated the found only two papers which described the
shapes of chambers for containing internal design of such facilities. In one paper
blast on the basis of their ability to contain Bergman[Z3 1 shows the design of a labora-
a given pressure for a given cost with spheri- tory with two test chambers capable of
cal being the most desirable, cylindrical with withstanding the detonation of 4.54 kg of TNT
hemispherical ends the next most desirable, without damage. As in the Lhambers designed
cylindrical with flat ends next and cubical or by Loving, these have very m8all venting.
rectangular least desirable. Reference 12 The design is of massive reinforced concrete
includes the results of tests of a spherical with heavy footings and with floors, walls,
chamber of 3.66 m diameter with a 19. 05 mm and ceiling heavily laced together reinforcing.
wall thickness subjected to internal explosions No details are given regarding the design
of charges ranging up to 6.80 kg of TNT. of the structure. The design apparently

This report, and a pa'. nt by Loving on such a evolved by a trial and error process. In the
blast chamber listed a. Reference 21, gives other paper Fling and Linse[24)describe

more details of the design of his chamber. the design and operation of a cylindrical
Because the chamber is spherical, an open chamber with domed roof and foundation.
grating in required as a working floor. The The chamber is 12. 19 m in diameter, and
door is inward opening, and the chamber made of 0.6i m thick reinforced concrete.
also has observation ports, venting through It has a number of viewports and a large,
a small vent area containing a muffler, and 3.05 m by 3.05 m access door. Work is
a blower system for clearing explosive performed on a false floor at ground level.
gases from the chamber after firing. Loving The chamber has very small vent area, and
reports that the blast attenuation outside the large exhaust fans to clear explosion products
chamber, with the very small vent area and after test. Design was accomplished by
muffling of the gases which escape subsequent estimrtion of the natural vibration period
to the explosion, reduces the annoyance to of structural components (in a manner which
persons outside the chamber to an insignificant is not clearly defined), estimation oi equi-
level. valent dynamic load factors using these vibra-

tion periods, and calculation of static stresses
The basic spherical chamber design based on normally reflected blast pressures

devised and patented by Loving has been and the dynamic load factors. Internal
copied and modified for use at several static pressure increases were estimated
different agencies. One such modification from old work preceding that of References
is reported by Bartkowiak and Kuchta[2.l 6-8, and standoffs to prevent spalling of the
The vessel vas basically the same size as concrete were estimated from work sum-
that built at I tested by Loving, but incorpora- marized in Reference 17. The chamber has
ted a double door arrangement witn one been tested and used repeatedly with explosive
opening inward and one opening outward, so charges equivalent to 22. 68 kg of TNT, with
that it could be used for tests while partially no damage. The authors report that no air
evacuated, as well as for tests with high shocks escape the chamber, and that noise
initial internal press:- i. Although not levels out side are low.
reported in the 1*4erature, similar vessels

I have been built and are in use at the U.S. Cowan and Willis[25] report the
Army MERDC, Boeing Aircraft Company and design of an inexoensive rectangular chamber
at the U.S. Naval Ordnance Laboratory with considerable venting. These authors
using a vessel originally built for the General used some simple analysis methods, but
Motors Defense Research Laboratory. The relied primarily on scale model tests to
largest spherical blast chamber in use is estimate the response f and strength needed

probably tle 9. 14-m diameter, 7 6 .20-mm for a full-scale chamber. The construction 4
thick steel blast sphere at BPL. methods used in the full scale chambers

differed markedly front the typical heavily
Blast chambers of various sizes made reinforced concrete structures used for the A

f of reinforced concrete exist at a number of other box-shaped blast chambers. The basic
) U.S. government and foreign ballistics re- construction method used by Cowan and Willis

search and test agencies, but very few of consisted of a structural steel framework
these were designed in a rational manner. supporting double walls filled with a 0. 61 m
They have varying anotunts of venting, and thickness of sand. This method has the
most of them were apparently designed by the decided advantage of much lower cost ti., a
expedient of simply making them extremely reinforced concrete sti acture of equivale.,t
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size and thickness, and the sand also apparen- has no particular advantage operation-
tly possesses considerable energy absorbing ally, but perhaps should be considered,
capability which limits damage to the struc- in addition to spherical and cylindrical
ture. Thumpston [26] also reports a design designs, because it lends itself to
of a rectangular cubicle based on model tests. reinforced concrete construction, and
He tested first an overstrength model instru- might therefore cost substantially
mented with pressure gages to measure wall less than a steel spherical or cylin-
loading, and then built structural models drical chamber.
of the reinforced concrete cubicle to deter-
mine safe explosive limits. ThU model was 5. The effects of venting are tu be con-
tested with model charges of increasing sidered even though complete contain-
weight until it failed. The cubicle had a ment of blast is prefei red. Complete
large vent area, and blast measurements zontainment will allow the chamber to
were also made outside the cubicle, be used near existing laboratories

with minimal disturbance of person-

The capability of spherical and cylin- nel during firing. Substantial venting
drinal steel vessels for complete contain- would require location of a chamber
ment of explosive effects has been well demon- in a remote area, which would be
strated by the design and test of vessels for acceptable only if a vented chamber
containing the blast and fragments from clan- can be built at substantially less cost
destine explostve devices, reported by Rogers than an unvented chamber.
and Taylor (27J. Steel vessels, 0.91 m in
diameter, with 25.40 mrnm thick walls were 6. Effecta of "granular" material in 4
used to contain explosions of up to 3.63 kg reducing blast pressure or impulse
of Comp B, and 1.83 m diamneLur vessals ere to he considered.
of the same material and thickness contained
explosions of up to 11. 34 kg of Comp B. These 7. Reverberation time is to be computed
authors report that their vessels were de- and its effect on chamber rnsponse
signed using Los Alamos hydrodynamic considered.
cedes for vessel loading and response calcu-
lations, but give no details. They also 8. Relationships between chamber sipe
note that the vessel steel must be ductile at and cost are to be considered.
operating temperatures, and that expanded
vermiculite used to fill the vessels greatly 9. Spalling of chamber walls is to be
reduced shock loading of the vessels. Eva- considered.
cuation of the vessels prior to detonation of the.
devices reduced the resulting blast loading. 10. Two viewports of good optical quality,

located 90* from each other, are
DESIGN REQUIREMEI\TS desired.

Prior to considering specific designs 11. Some planned tests require detonation
lof blast chambers, we list the requirements of explosives near one viewport. We

for the BRL chamnber: should determine 1,ow close to a

Twviewport or wall ozie can safely test.
1 . The chamber must withstand without

damage repeated internal detonation T the following sections of this paper,
of up to 13.61 kg of explosive (type we analyze various chamber designs and sizes
not specified). based on these requirements.

2. Me st of the charges detonated within GENERAL CONSIDERATIONS IN BLAST
the chamber (90%) will not exceed CHAMBER DESIGN
4.5 4 kg in weight. Special prnvisions
such as chamber evacuation are allow- It is quite clear from our survey of

4: I able to accept charges with weights previous work in blast chamber design and

between 4.54 kg and 13.61 kg. test that it is entirely feasible to build a
chamber which will withstand without daimageS3. The chamber is to be fabricated of i tpeat ad internal detonations of 13. 61 kg of

steel or reinforced concrete. the most er. rgetic conventional explosive,

with or without venting. Our effort.s were
4. Rectangular box shape for a chamber therefore, devoted to optimizing the
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design for minimum cost and maximum elastic response predictions or measure-

utility. ments, we utilized the analytical methods of
References 10, 11 and 16 for prediction or

One's ability to analyze loading and response of spherical vessels, and experi-
response of a blast chamber increases in mental data from References 13 and 15 for
difficulty as geometry changes from spherical guiding us in design of cylindrical vessels.
to cylindrical. The initial loading from a As for the loading, the degree of complexity
centrally-located charge in a spherical chain- in estimating chamber response also increases
ber is simply the normally reflected pressure- markedly vith change from spherical to cylin-
time history, which can be obtained by scaling drical geometry.
data of Reference 2 or 5 for sea level ambient
conditions, or by scaling data of Reference 3 ANALYSIS OF SPHERICAL CHAMBERS j
or 5 for partially evacuated ambient conditions.
Reverberation timee can also be easily calcu- Central Charges
lated for this situation, using scaled times of
arrival and the assumption that the reflected Theor 4'
wave "implodes" to the center of the sphere
and then reflects again with no losses. If Our first stage in the analysis of * ,
the blast source is located off center in a spherical blast chambers was to use the
sphere, one can also calculate the shock very simple elastic response theory from
loading, evren though it is now a fairly complex Reference 11 as a basis for determining
function of azimuth angle and time, by scaling chamber wall thickness versus chamber di.-
compiled blast data in References 1 or 5. meter foi centrally located explosive sourc.es.
This was done in estimating transient loading The method is applicable to evacuated or non-
on a spherical shell in Reference 16. Rever- evacuated chambers because the ambient
beration times can also be reasonably accurate- pressure only changes the loading parameters.
ly estimat.d for this case.

In Reference 11, the raclial ditplacement
Estimation of the transient blast load- u of a thin elastic spherical shell of radius

ing on a cylindrical chamber with dome end a and thickness h , made of material of
caps is much more difficult than for a sphere, density o, elastic modulus E , aid Poisson's
even for a blast source located at the center of ratio V, is determined as a function of time
the chamber. Only the loading on the cylindri- for an internal pressure pulse given by
cal part of the shell can be predicted with
any accuracy. As soon as the initial blast front p(t)=P (1 - t/T), 0 <t < T,
pa:oses the junction of the cylindrical part with r

te end caps, the reflection process becomes
too complex to estimate, and no measurements p(t) = t> T

of thess loads exists. However, reverbera-
tion times can probably be estimated with The displacement is

re bon-ble accuracy.

For any chamber geometry, the "static" u =K(l - t/T - cos wt 4 sin t/ wT), 0 <t <T (2)

pressure rise, with or without venting, is
entirely independent of the chamber geometry ui A cos w(t- T)+B sin t(t- T), t T (3)
References 6, 7 and 8 provide experimentally- I
verified methods for predicting this pressure where

rise for vented and unvented chambers, given
type an,! quantity of explosive, chamber i 2K 11lw D, .volume, and chamber vent area. r

sin wTIn analysis of chamber response to A K - - cos toT)
internal blast pressures, it is clear that

plastic response, cracking, or other perma.ui Bw- I/T) (4)
deformation cannot be tolerated. Therefore, sT
analyses or test results of containment struc- r
tures which can suffer damage, such as the
plastic response analysis in References 11, 2

and designs of explosive storage cubicles in
Reference 17, do not apply. Concentrating on
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and the circular vibration frequency w' is Chamber Response - Ambient Initial
given by Conditions

2 2 Let us now consider the dynamic and
=E -jE (5) static pr-essures for Pentolite charges weigh-

ing 4.54 kg and 13.61 kg, contained in un-
Time history of membrane stress in the vented spheres of various radii, a , at sea
shell (equal in any direction because of level ambient conditions. We assumed a
spherical symmetry) Is range of specific values for "a" and deter-mined reflected pressure, P , reflected

impulse I , and arrival timers, t , from
E u compiled biast data in Reference 5. These

(-v)a ( values are included in Table I except that the
pulse duration, T , has been given in place
of I for on equivalent triangula.r pulse.For static pressure, membrane stress is Chamber radii range from 1. 83 to 3.66 m.

simply

Before making the response calcula-P a tions for the chamber, it is worthwhile to2 h7) examine the relationships between reverbera-
tion time, chamber fundamental resonance
and the load duration (pulse length). Rever-

When blast wave duration T is short beration times for charges detonated at thecompared to the natural vibration period of
shell (wT < 0. 4), the maximum dynamic dis- center of the spherical shells can be estima-
placements and stresses will occur after the in Table I. On reflection fromthe vesselloading is over, and are given very nearlyinTbeIOnrfctofomhevslloan iwall, the blast wave will implode toward the
by center, and re-reflect at the center to again

transmit 

outward 

and 
reload 

the 
wall.

2  /2 =r I lower limit for reverberation time can bemax 2 w0 h (8) obtained by assuming that the times for
implosion and re-reflection equal the initial

P T time of arrival of the blast wave measured- r '[E/zO(l-v )] I /  (9) from the charge detonation. Reverberation

time t is therefore at least twice the A
time ofarrival t • The ratio of the rever-

But P T/2 equale the integral under the beration time, tr to the pulse duration,
r t sT , is given in Table I. One can see thatpressure-tita history for the blast waver

reflected from the chamber wall, i.e., the the reverberation times are about six times
as long as blast wave durations. We canalso compare reverberation times to shell

vibration periods given by
P T
r- 

( 
()0)2 r

so that

From Eq. (5) we see that the circular vibra-
I tion frequency, o is independent of shellu I - (8a) thickness. Using the material values forsteel, w is computed for each shell radius

I of Table I. Values of w, r and the ratio of
7 Cr [E/z 0(1 -v)]/ 2  (9a) the reverberation time, t , to shell funda-
max h mental period, Tr, are aldgiven in Table II.

These values were computed using the
following values for steel:

Eq. (9a) is used when wT < 0.4, to calculate
maximum dynamic stress in the chamber. If

'" .wT >0.4, Eq. (2) or (3) and (6) are used.' Eq. E 207 x 106 kPa
(7) is only for computing stress under static
internal pressure.
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7A

v 1I/3 imum response can occur either during
ioading (In which case Eq. (2) applies) or

7.85 Mg/m 3  after the loading (in which case Eq. (3)
applies). The criterion for determining when

One can see that none of the shells completes the maximum occurs is whether the shell
more than a very few cycles of vibration velocity, Ci , is positive or negative at end
before arrival of the second shock. In so few of loading, t = T. Taking the derivative of

cycles, shell vibration would not damp appre- Eq. (2), we see that at t T,
ciably, so response to the second and perhaps

TABLE I
Reflected Blast Loading for Spherical Chambers

(Single Pulse)

W(kg) a(m) P (kPa) T (msec) t (msec)
r r a

4.54 1.83 3854 0.453 .888

2.43 1593 0.833 1.59

3.05 953 1.115 2.74

3.66 621 1.425 3.78

13.61 1.83 13652 0.273 .453

2.43 5688 0.482 .785

3.05 2310 0.945 1.18

3.66 1448 1.262 1.72

later pulses should be considered with new -A (-1 +wT mInwT +coo WT). . . (12)
.shell velocity and displacement at time t• r

as "initial conditions" for later response. Because K, given by Eq. (4),and T are
Later stresses could be greater or less than positive quantities, the parenthetical expres-
maximum from the first pulse, depending sion in Eq. (12) determines the sign of C .

upon the phase relationships. Thus, multi- If it is negativ.the maximum occurs for
ple loadings must be considered in the analv- t < T; if it is positive, the maximum occurs
sis. This can be done readily for centrally for t > T. In the former case, the time t
located charges but will not be practical for for maximum must be evaluated from Eq.
eccentric charges because of the long computa- (12) by setting L 0, and then Eq. (2) is
tional time involved, and the difficulty in pre- used to calculate u • In the latter case,max
dieting reverberation times and magnitudes for the maximum can be computed by using the
subsequent shock waves after the first. Even maximum amplitude

for central charges some estimate must be
made of the dissipation rate of the blast

wavers.o-A2 z 1 2  l . (I.(AT,2n+T.cob, I  (13)
K (wT)

fm Response calculations were first per- These computations have been made," "' f ~formed considering only th'e initial pulse. hs optton aebe ae

Fm n en nt it psand are given in Table III for the specific
. 7" = "  .... ;" From Table II it is apparent that the product shell diameters and loading durations of

... w T is greater than 0.4 and therefore theT e a r foTable I. If we call the dimensionless ampli-

. approximate forms for impulse response, tude given by Eq. (13) or the maximum value
equation (8a) and (9a) do not apply. The max- f the parenthetical expression in Eq. (2)

A , then we find that
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TABLE I
Comparison of Reverberation Time, Pulse Duration and

Chamber Resonance

lW T _ Z tr

(kg of a r r a T t t /T

Pentolite) (in) (msec) (msec) r (1/msec) (msec) r

4.54 1.83 0.453 1.776 3.9Z 4.859 1.293 1.38

Z. 43 0.833 3.18 3.82 3.644 1..723 1.85

3.05 1.115 5.48 4.92 Z.914 2.155 2.54

3.66 1.425 7.56 5.31 2.429 2.585 2.92

13.61 1.83 0.273 .906 3.32- 4.859 1.292 .70

2.43 0.482 1.570 3.26 3.644 1.723 .91

3.05 0.945 2.36 2.46 2.914 2. 155 1.09

3.66 1.262 3.44 2.72 2.429 2.585 1.33

p. *repeated from Table I

P a chamber radii also, but it would occur for L

max '(14) other charge weights.

Loading conditions, reverberation
and A is essentially a dynamic load factor times, and shell response parameter A
(compare to Eq. (7) for stress under static for 2.74 m radius chambers were calculated
pressure). If we assume that steel can according to the methods described previously, 1
easily be obtained for the chamber with a and are listed in Table IV. The maximum
yield stress of a = 414 MPa , and use a stress for the first pulse, calculated from
safety factor of 1Y5, then we limit a to Eq. (14), is also shown. Two combinations

X max276 MPa . Eq. (14), values of in of shell thickness and charge weight were
Table III and values of P from Table I allow analyzed, a thickness of 35.56 mm for 13.61
immediate calculation of shell thickness. kg charges and a thickness of 17.78 mm inch
This is also given in Table III. Shell thick- for 4.54 kg charges. Because the shell thick-
ness versus radius from Table III is shown ness were chosen from Fig. I to be c 2nsid.r- -:

graphically in Fig. I for both charge weights. ably greater than the thicknesses needed toattain the design stress of 276 MPa, these

The results of Fig. 1 are for the stresses are considerably less. But, one can
response of the shell to the first pressure see that the reverberation times are very

pulse only. As indicated earlier the ratio nearly even multiples of the vibration period
of t /T in Table II indicates that subsequent for both shells, and the shell response tor
pressure pulses may enhance the response. repeated pulses will be very nearly directly
This is particularly true if t is near a additive. The pulses do attenuate, as is
whole multiple of r, This obviously occurs evident from the limited data in Reference
for a 2.74 m radius chamber for both the 6, 9, and 26 . Some are attenuated to
4.54 kg and 13.61 kg charges. We thus in- negligible values on the first reflection.
vestigated a chamber of this size for the Others exhibit more or less exponential decay,
effect of multiple loadings. It is apparent and attenuation of succeeding pulses by about
that a 2;imilar condition could exist at other 50% seems to represent the worst reverbe-a-
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TABLE III
Computed Maximum Response of Spherical Vessel

for Central Charge (single pulse)

W, kg of W, - Dimensionless Shell Thickness i, mm
Pentolite a, m sec wT r @ t =T Amplitude, A for a =276 MPar r max .

1.83 4, 859 2.201 + 0.9602 12.268

2.43 3,644 3.035 - 1.160 8. 179
4.54

3.05 2,914 3.249 - 1.194 6.274

3.66 2,429 3.460 - 1.225 5.029

1.83 4,859 1.327 + 0.6317 28.600

2.43 3,644 1.755 + 0.805 20.244

13.61 3.05. 2,914 2.755 1.106 14.122

3.66 2,429 3.064 1.165 11.176

35 i each attenuated in amplitude by 50%. Eq. (14) 1
then yields the estimated maximum stress
for three pulses merely by replacing P by 4
3

30o- i ! I (P r)i' where (Pr)2 = (Pr)I/z, and

13.6 kg charge (P)/2 Neglecting reverberations
136ag hage3 t f 2,,

sea evel( 101.35 kPa after the third one, this yields a multiplier ,
25 of 1. 75. The estimated maximum stresses

are then given in the last column of Table IV.
These can be seen to be less than the design

"20 - stress of 275 MPa.

r 13.6 kg charge Chamber Response Reduced Initial PressurePo -"34.48 kPa .

15 0 If a spherical shell is partially eva-

cuated before detonation of an explosive
charge within it, the initial reflected blast

10 pressure can be reduced, and the reverbera- 15

tion time is affected. Static pressure rise
is also somewhat reduced, as will be seen

4.54kgcharge later when the quasi-static loading is con- M
5 sea level 101.35 kPaI sidered. Furthermore, the pressure differen-

tial across the shell prior to firing will induce
a compressive stress which must be unloaded

1.0 1.5 2.0 2.5 3.0 3.5 4.0 by the tensile stresses generated by internal
SHELL RADIUS, a m) dynamic or static pressure before the shell

1can fail. So, partial evacuation before firing
Fig.!. RequiredThickness of Spherical appears to be an attractive means of minimi-

Shells for Central Charges zing shell size, thickness or cost for occasion-
SOretaeoselrsnewal firing of large explosive charges. One

• " tios. Or etimte o shll espose illmust, however, assure that the shell is thick
therefore be made by assuming exact reson- enough that it will not buckle under the differen-ance of pulses with the shell period, and tial pressure after evacuation. This can easily
asing o etmae oflsell responthe illmshweeasrttah helihcassuming two more pulses after the first, be checked using equations for the c:ritical
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TABLE IV
Response of 2.74 m Radius Spheres to Central Charges

chg. wt. MPa
P T tmax

shell r r r t /T A one three-1 r rr
ickness msec kPa msec msec r pulse pulses

W = 4.54kg 3.238 1207 0.985 4.25 2.19 1.1852 110 193

h = 17.78mm

W = 13.61 kg 3.238 3723 0.650 1.98 1.028 0.9291 133 233

h = 35.56mm

buckling pressure. Eq. (15), from Reference calculating response of evacuated spheres,
£28], p. 496, is the classical equation for if the spheres are well evacuated.
buckling of spherical shells under external
pressures. Let us consider response of spherical

chambers evacuated only to 34.48 kPa 0
absolute pressure. Here, the reverberation

2 E h2  (15) time is 5 to 6 times the blast wave daration,
cr 2, 2 1/2 and no enhancement of the initial shock will

a [3(1-v occur. Also, this partial vacuum is easy
to achieve with a simple mechanical pump

Experimental work and later analyses [29) and a "dirty" chamber. Multiple loading
have shown that this equation is unconserva- will still be significant because reverberation

tive, and that buckling can occur at critical occurs within the first few cycles of shell
response. In fact, by comparing t in

pressures as low as 1/5 of the "classical" Table IV to T in Table I it is apparent
value. We will therefore use Eq. (15) divided that t is approximately 2 r for the
by five to evaluate buckling of evacuated r
chambers, once these chamber dimensionschamber. This is the same
chamerseen these chambercondition thal occurred for the 4.54 kg charge

in the unevacuated 2.74 m radius chamber.

First, let us assume the same shell Dynamic maximum stress for the
diameters as before, and calculate blast iiitial pulse can be computed in exactly the

loads for shells partially evacuated to same manner as before, but we must account
several different ambient pressures. Only for the reduction of peak stress by precom-
a 13.61 kg blast source will be con.;idered
and, as before, the specific energy of bin oq (7) and b4 we hve:
Pentolite was used to compute the total charge bining Eq. (7) and (14), we have:
energy of the explosion. Blast parameters of
reflected pressure, P , duration, T_, r - (16)

a -rp A - ( o](6
t for initial ambient pressures of 34.48,

j tie90 and 0.69 kPa were again determined

where p' is ambient pressure outside the
from Reference 5 . Note in Table V that o
reflected overpressures decrease as initial
ambient pressure decreases, but that dura-
tions first decrease compared to data for This equation can be inverted to cal-

sea level conditions in Table 1, but then culate thickness h for any allowable value .

increase with further decrease in initial of a . The results of the response cal-

ambient pressure. The change in reverbera- to the 13.61 kg charge detonated
tion times with decreasing pressure is some- under an ambient pressure p = 34.48 kPa,

for our design allowable a 0 = 275 MPa
what surprising. They get progressively aa : tes":, ~are given in Table VI. (For ayll of these -,-

* shorter until, in one instance, this time is cTs,:*-' calculations, ul-ris positive, so Eq. (13), ,'
even less than the blast wave duration. It determines X). "he results are also plotted
seems apparent that response of the chamber in Fig. I, for comparison with needed shell

to repeated pulses must be considered when

Z t 4 238,



TABLE V
Blast Loading for Evacuated Spherical Shells, 13. 61 kg Pentolite

8

Po a, ta P r kPa T r msec t r2tal

kPa m msec me ec

1.83 0.500 10239 0.287 1.00

34.475 2.43 0.820 5447 0.360 1.64

3.05 1.210 3103 0.486 3.42

3.66 1.700 1551 0.804 3.40

V1.83 0.390 5378 0.435 0.780

2.43 0.640 3241 0.455 1.28

6.895 3.05 0.950 2172 0.478 1.90

366 1.ZR0 1496 0.535 2.56 ;

1.8 0.185 2399 0.875 0.37041.6Q0 2.4 0.318 1310 0.908-- 0.636

TABLE VI
Response of Spherical Chambers to 13. 61 kg Pentolite at Initial

Prsueof 34.48 kPa (one pulse only)

a h
(Wn T A (kPa) (mm) (kPa)

1.83 1.395 0.661 6701.3 22. 22 7481

12.43 1.312 0.625 3337.9 14.76 1855

3.05 1.416 0.669 2009.2 11.10 669

3.66 2.078 0.920 1360.4 9.02 310
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thicknesses for non-evacuated spheres. One 4.54 kg at P 
= 101.36 kPa h = 12.70 mm

can see that reducing the ambient pressure to

34.48 kPa before firing 13.61 kg charges 13.61 kg at Po = 34.48 kPa:h = 22.86 mm

reduce.a the required shell thickness, but it
is still greater than that which is required for 13.61 kg at P = 101.36 kPa :h = 30.48 mm

4.54 kg charges at sea level. Also shown in

Table VI are values of buckling pressure, The required shell thicknesses for P0
p , divided by 5. These can be seen to lie 101.36 kPa were obtained by direct ratio of

w l above the applied pressure p p = the results in Table IV to give a shell stress

66.88 kPa, even for the largest and thinnest of about Z75, 800 kPa. For eccentric charges

shell. So, static buckling during evacuation the shell stresses wili obviously increase

is not problem. locally. Thus, a shell thickness of 31.75 mm
will be checked for 4.54 kg charge at P =

The effect of multiple pulses on the 101.36 kPa and 13.61 kg charge at 34.4% kPa.

response of a 2.74 m radius shell will also For 13.61 kg charge in unevacuated chambers,
be checked for the evacuated chamber. For the allowable eccentricity will be established

a shell thickness of 17.78 mm, which was for a shell thickness of 44.45 mm. In ail

found to be adequate for a 4.54 kg charge in cases, the shell diameter will be 5.49 m and

the unevacuated chamber (refer to Table IV), the allowable stress will be 275, 800 kPa as

the maximum stress in the evacuated shell before. "A

produced by the first pulse from a 13.61 kg
charge is a = 194, 232 kPa. Using the In Reference 16, it was shown that the

ax blast pressure loading on the inner surfacesame multipfficative factor as before for un-

evacuated shells (because this loading is of a spherical chamber for an eccentrically
also very nearly in resonance with the shell), located blast source could be described by

the maximum stress is a = 339,923 kPa. the function of polar angle CP and time t as

This exceeds our design alowable by about p(x,t) 0, t <t (x) or t >t (x) + T (x)thicknessP~x sh0 =rbal 0, inrasd < t "o t>(x)] + T(x)
Z3%, so for this loading condition shell a a

thickness should probably be increased, t. - t (X)
-ayto h = 22.86 mm. Then, a mt0 a (17) " ,•.mapxt)

= P(X) - ' I
Z64,354 kPa which is below design allowable. T

Mowever, eccentric charge locations are

desirable, which will increase the shell
stresses even more. Therefore, eccentric t (x) <t <t a(x) + T(x)

charges must be considered before suggesting a

a shell design thickness for a spherical where x = cos b; and the arrival time t (x),

chamber. reflected overpressure P (x), and duration

Eccentric Charges T(x) are given by blast dala such as those

in Reference 1, 4 and 5. In solving for the

shell response to this loading, the data can
Fromthe oreging alcuatios ofbe used directly to define the loading, but can i

be more conveniently approximated by suit-
located explosive charges, it is evident that able, explicit functions. Numerical studies

a steel spherical chamber of reasonable [161 have shown that, in general, the follow-
thickness will easily withstand the effects of approximation is adequate.
internal detonations of up to 13.61 kg of n
explosive, if the explosive is located at the P (X) C 1 x)

center of the chamber. But, we also wish r 2

to know how close to the chamber wall one = (x) x)(18)

can safely detonate charges. To make this a 3 -x

estimate, we employed the methods of Refer- T(x) 04 - Csx

ence 16 for elastic response of spherical

shells to eccentric blast sources.
where C1 through C5 are dimensional

- Based upon our calculation for thn and nondimensional constants which charac-

response of an 5.49 m diameter sphere to terize the eccentric blast loading. The non-

multiple pulses, we determined that the separable function for the eccentric blast

following shell thicknesses are required for loading (17) can be written:

centrally located charges:

:, ;;' 240
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r- l ) these loads are given in the Appendix along

C t -C3( x with examples in graphical form of the
p(x,t) - Czx reflected pressure, pulse duration and time

of arrival. Vahes are presented as a function

(19) of the polar angle e0. Reverberation times
were not estimated for the eccentric charges

C3(1 - x)<t <C3(1 - x) + C4 - C5x and the response to multiple loading was not
determined. We believe that reverberation

Note that the functi-., x.',t) has a sudden times for the pressure waves will be approxi-
jump along the line t-- C3 (I - x), represen- mately the same as for center charges and

ting the moving pressure front. The constants that the decay rates for subsequent waves
C 1 through C5 are determined empirically will also be comparable; thus we will simply
for any specific loading condition, apply a factor based on the results for cen-

tral charges to estimate enhancement in the
Using either direct numerical values response due to multiple loading.

for loading p(x,t), or the functional form of
Eq. (19), the equations of motion can be Results of these calculations are pre-
solved by computer using the finite-difference sented gr.,phically in Fig. 2. Peak stress
equations corresponding to the differential in the shell wall versus charge eccentricity
equations for elastic motions of a thin, spheri- are given for the 4.54 kg charge in the uneva-
cal shell. The basic equations are cuated 31.75 mm thick chamber, for the

13.6i kg charge in the evacliated 31.75 mm
thick chamber, and for the 13.61 kg charge

V v + (P - v)( .)v in the unevacuated 44.45 mm thick chamber.

- As before the stresses determined for a single
pulse were increased by a factor of 1. 75

+ (1 +,v)(l -x)/2w =A, (20a) to estimate peak stresses for multiple reflec-
,x tions. If we choose for the design stress 275

MPa, allowable eccentricities are established

K x F21/2 v  for the various charge weight-thickness-
- -lLX initial pressure combinations. Although weI x - Ix

did not analyze other combinations of charge

weights and thicknesses, it is apparent that

A .. a 44.45 mm thick chamber is suitable for
- + V detonating 13.61 kg charges at eccentricities

of up to 1.34 m (standoff from wall of 1.39 m)
In these equations, v and w are tangential without evacuating the chamber. Smaller
and radial displacements respectively, dots charges could obviously be detonated at
denote derivatives with respect to time, and greater eccentricities and also greater eccen-
commas denote partial derivatives with res- trrcitieb could be achieved for 13.61 kg charges
pec., to spatial variables. The constants A by evacuating the chamber. The optimum
and B depend on shell materials and dimen- thickness, therefore, is probably between
sions, and are given by 31.75 mm and 44.45 mm depending upon the

2 2 permissible combination of eccentricity,
( - 2) oa /E charge weight and initial chamber pressure(21) desired.

B =  o1 ) a 2/Eh
BQuasi-Static Loading

I Our finite-difference code based on these equa-Stions is described in detail in Reference 30, Static pressure rise after many rever..
tn is sce dt in Reference 30 berations is shown in References 6, 7, 8 to
and is shown in Reference 16 to give essentially be a function of W/V, where W is charge
the same results as a classical, infinite-series
solution. We used the code to predict locations weight of a given type of explosive and V is

and magnitudes of dynamic stresses for several chamber volume, and of initial ambient condi-
ec etic tions in the chamber. The ratio of W/V iseccentric locations of 13.61 kg and 4.54 kg the major determinant of the pressure rise.
elv h sine a rThe primary physical process involved in the

Loading on the chamber for eccertric static pressure rise is the addition of the heat
c g w g d r e s tdof combustion or detonation to the air present, :., charges was again determined using the data
of Reference rocedures for calculating in the chamber. If the W/V ratio is small,of R there will be sufficient oxygen present in the
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to estimate the peak static pres 5ure since I
50' 0 0 0 0 1 1 1 ' Z 2 Z the static pressure is lower with lower0 02 0.4 0.6 0.8 1.0 1.? 1.4 1.6 1.8 2.0 2.2 Onc

CHARGE ECCENTRICITY (mnI initial pressure. Once static pressures have
Fig. 2. Results for Eccentric Charges in been determined, membrane stress in the

2. 74 m Radius Spherical Chambers--Effect shell is obtained from Eq. (7), or this equa-
of Reverberation Included tion is inverted to obtain shell thickness h

for an allowable stress 0. For the shells

we are considering, we have calculated the
chamber. If the W/V ratio is small, there static pressures using Fig. 3 and the shell
will be sufficient oxygen present in the thicknesses to withstand these pressures for

chamber for complete afterburning, and 'he 2a = 275, 800 kPa. These values arc given in
heat of combustion of the explosive is there- Table VII. By comparing with results of
fore added to the air. Conversely, if this Table III, one can see that the shell thickness
ratio is large, insignificant afterburning is determined by the initial blast loading,
will occur and only the heat of detonation rather than the static pressure rise. This
will be added to the air. When static pressure also implies that venting will have a negligi-riseo impie pthtte venin wil haveio a n/egterei-
rise is plottedi as a function of W/V. there is ble effect upon the required shell thickness.
therefore a transition region indicated by an
inflection in the curve as shown in Fig. 3 If a spherical chamber design is chosen
(taken from Reference 6). This inflectionregion occurs for soaller values of W/V ou
a s initial a m bien pr ss re i s r od u ced. th at it is p referab le to ev a cu ate ih e sh ell

to about a third of an atmosphere for 13.61 kg
Plots for reduced initial pressures can be charges. A shell designed for a certain
found in Reference 6. From graphs such allowable st.ress to the above conditions will
as Fig. 3 the static pressure rise for any also be stressed ;o about the same lev- :f
specific explosive and initial pressure in 4.54 kg charge is detonated without chambe,-r'
the chamber can be found. These staticevcain fwasueahabro

are only weakly dependent on evacuation. If we assume a chamber of
pressures ar nywal eedn ndiameter midway between the extremes of
explosive type, provided conventional secon- diameter considered. i.e., 5.49 m diameter,
dary explosives are used, because heats :f then a shell thickness between 31.75 mm and
tcamberanefpouin Theslepstaticfor all explosives 44.45 mm is suggested, uepending on the
of this class are very nearly the same. Data permissible combination of charge weight,
are available for different explosives, how-

eli ,oeccentricity and initial pressures which areever(6,91,andonecanestimate static
uea n testmed expsive bdesired for the chamber. Additional :alcula-. -" pressure rses for an untested explosive by.

R ee rtions will be required to finalize a chamber• ~ ~~the methods suggested in Refe. ence 6 or bythkesbad nordeitieesg

3thicknessR based on more definitive designsing curves such as Fig. 3 for an explosive ciea,r: , criteria. ,..

with essentially identical heat values. W• will
simply use Fig. 3 without modification tj
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TABLE VII
Static Pressures and Shell Thicknesses, Spherical Chambers Designedf to a=275 MPa

W,W/V P,

! g m m 3  kg/n 3 kPa mm

t1.83 4.31 0.354 1103 3.658

2.43 60.72 .0753 310 1.3724.54

3.05 118.59 .0.83 186 1.039

3.66 350.76 .1298 69 .4572

1.83 4.31 I 1.062 1586 5.258

2.43 60.74 .2243 896 3.962
,; 13.61

3.05 118.62 I .1147 483 2.667

3.66 350.85 .0388 186 1.234

ANALYSIS OF CYLINDRICAL CHAMBERS computing the peak wall stresses.

Equations governing the response of Table I gives the pressure loads for
cylindrical chambers to uniform transient central charges in unevacuated :hambers.
inter,.a blast loads are given by DeMalherbe, Shell thicknesses of cylindrical chambers
et al [13]. They are identical to those for calculated forthe first pressure pulse pro-
spherical charges except that the expression daced by these loads are given in Table
for the circular frequency, u), is given by VIII. Ratios of reverberation time to pulse

d irattion remain the same as given in Table
II; however, the ratio of reverberation time

E_ (22) to shell period is changed and -so is included
W = 2 additionally in Table VIII. Note that rever-

pa beration occurs within the first two cycles

of shell response and will certainly enhance
in place of Eq. (5) for spherical chambers. the shell response.
Based upon the computed response, the

stress in the cylindrical shell is then calcu- Before proceeding with additional
luted by calculations for the multiple shock reflec-

tions and eccentric charges, however, some

P a _comparisons were made between spherical
max h a c(23) and cylindrical chamber on the basis of

results obtained for the first pressure pulse
for central charges in unevacuated chambers.

where A is the same as defined for the spher- Comparisons were based on shell weight
ical chamber and is equivalent to 6 in Refer- which would be one indication of chamber
ence 13. Furthermore, if we conservatively construction cost. To compare shell weightsJ assume that the response of the cylindrical some assessment of working space efficiency
shell is adequately described by a thin ring was required. It was decided -hat, to
cut from the shell on either side of a have equal efficiency, a spherical chamber
diametral plane passing through the charge. should have a working height (or clearance)
then the pressure loads calculated for the equal to the height of the cylindrical portion

spherical chamber apply. This assumption of the cylindrical chamber at the same
neglects the lon .itudinal decay of the pressure radius. It was further decided hat a practi-
in the chamber and in effect assumes uniform cal design for a cylindrical chamber would
pressure over the length of the chamber for be a 2. 13 m high cylindrical section above

243

A~i



TABL7' VIII
Shell Thiukness of Unevtcuated Cylindrical

Chambers for Central Cnarges (single pulse)

aItt Th

rr
kg, Pentolite (in i/msec) (nisec) € ~ A (m

4.54 1.83 2.806 .24 .793 + .608 15.54
2.43 2. 105 ,.98 1.07 + .804 11.33
3.05 1.684 3.73 1.47 + .851 8.94
3.66 1.403 4.47 1.69 + .893 7.34

13.61 1.83 2.806 24 .405 + .377 34.14
2.43 2. 105 98 .526 + .493 24.79
3.05 1.684 3.73 .633 i .741 18.92
3.66 1.403 4.47 .769 + .811 15.57

S*From Table II -Y'

the base (to allow for 1. 98 m doors in the Notice that the size dift,'.-ence becomes less
cylindrical 'ection) with a hemispherical cap. as the chambers increase in size and :hat the
An additional 0.61 m of the cylindrical section difference doesn't significantly affect the break-
is buried in concrete. We judged ,hat the even point between spherical and cylindrical
support for the spherical shell would then be chamber weight. Setting the height of the cy-
equal in cost to the concrete base of the lindrical section of the chamber at 2. 13 m
cylindrical chamber. These relationships regardless of its diameter is what makes the
are shown schematically in Fig. 4. weight of the cylindrical chamber more compe-

titive with that of the spherical chamber as
size increases. A different assumption. such

t.nJ,.phc'1 c.,p as setting the height as a percentage of the
diameter, would give a different result, less
favorable to the cylindrical chamber. For our

.... assumptions the breakeven point occurs for

/ \ chambers larger than 7.32 m in diameter.The weight difference when starting with 3. 05ni
.I! .1C.- . ... f radius spherical chamber is illustrated in

n[ [ c Sphc .i- Fig. 5.

0/ As a result of these weight comparisons
S ." (based on results for only one loading condition

as described previously), and because the
Fig. 4. Diagram Showing Assumed Relation- BRL chamber will probably be less than 6. 10 m

ship for Equal Working Efficiency and Assumed in diameter, a spherical chamber appears to
Cylindrical Chamber Geormetry be preferable to a cylindrical one. Thus, no

further evaluations were made for cylindrical
Based on these assumptions, the shell chambers.

weights are computed in Table IX and com-pared in Fig. 5. Comparisons its Fig. 5 are OTHER CONSIDERATIONS
based on the following radii for equivalent
spherical and cylindrical chambers: Venting

R adii ml As indicated by the analysis of spherical• ':" ]chambers, the maximum stresses in the shell": ., _herica1 Chamber Cylindric.a! ChamberV
S r Chamber arc produced by the initial transient overpres-

1.83 1.48 sure wave and the first few reverberations.
2.43 2. 19 Stresses generated in the shell by the quasi- .3.05 2.86 static pressure rise were sigrsificantly lower.
3.66 3.50 The first few reverberations of tne presture
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TABLE IX

Weights of Spherical and Cylindrical Chambers

W a Spherical Chamber .... Cylindrical Chamber

kg Pentolite) (n) h(mrn) wt(kg) h(mm) wt. of cyl. sect. wt. of cap'X wt. total
..... .. L LkL ........ _

4.34 1.83 12.27 4076 15.14 3839 2265 6104

2.43 8.18 4815 11.33 3748 2408 i 6155 i

3.05 6.27 5764 8.94 3694 2882 6576

3.66 5.03 6649 7.34 3638 3324 6962

13.61 1.83 28.60 9588 34. 14 8529 4794 13,323

2.43 20.24 11,977 24.79 8224 5989 14,213

3.05 14.12 13,008 18.92 7831 6504 14,336

3.66 11. 18 14,800 15.57 7725 7400 15, 125

*1/2 Spherical Shell Wt.

wave occur in about 15 msec or less which
is insufficient time for significant decay to

24D- occur for reasonable size vent areas.
)0 --- Thus, only a small muffled vent area is

required to vent the tank slowly while
220 limiting outside disturbances.

210 c p1

190 -Spalling in steel chambers ie not

problem in the range of overpressures for

This is apparent from our own experience
in observing the response of steel to much

160 -higher overpressures. For example, no
.a spallation was observed in the measure-

ments reported in Reference 4 in which
4.54k9dCg. overpressures on steel plates and the ends

I of steel bars exceeded 2068.5 MPa. Our

S -1 [._,"4.54 ... ~general observation that -pallation is not
a problem for the BRL blast chamber is
also supported by Rinehart [18]. He states

7 - that the stress, 0, required to produce
spall in metals is exceedingly high, 1034.25,0 - I I MPa, corresponding to particle velocities

1I15 20 2.25 7 50 2.15 .00 . 3.50 3.175 4.00 v, of 30.48 to 60.96 m/sec. The relation-
SHELL RADIUS I I ship between particle velocity and 'he

instantaneous normal stress at a point is
Fig. 5. Comparison of Shel" Weights--Central given by Rinehart as
Charges, Non-evacuated Chambers, Results

ior 1st Pressure Pulse Only.
ChresuleOny PC Lv (24)
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where o is the material density and CL double closures both inside and -,, ° de muit
is the dilatational wave speed given by be installed, with the outer clos re .),>ning

outward and providing a vacuum seal an'd .he

11/2 inner ones being blast -resistant.
CL 3 1 -v)o(l +v) (25)

Glass viewports can undoubtedly be
16 designed on the basis of past experience with

For steel with K 199.54 x 10 kPa, similar ports at BRL and at Sandia Corpora-
o = 7.854 kg/m 3 and v= .33 tion [31]. Good opticel clarity is required,

and thick, shock-resistant glass or trans-
parent plastic can be employed. Detailed

CL = 6270 m/se design was beyond -:he scope of t, s study.

An upper limit of 68. 9 MPa overpressure on Cost Factors
the walls of the BRL chamber is probably

reasonable based upon our calculations (see We did not try to estimate actual costs
Fig. 5 and the Appendix). The corresponding for the chamber designs but only attempted
particle velocity corresponding to this normal to establish relative values. As reinforced
stress is now found from Eq. (24) concrete construction was eliminated early

in the study (mainly because rectangular
chambers were eliminated), weight compari-

v = 1. 40 m/sec sons between two steel ,-aambers were used
as an indication of relative cost. Other

The values of stress and velocity are well factors would of course. enter into the con-
below the critical values given by Rinehat. struction costs but we felt shell weight would

predominate. On this basis, spherical and
ChamberLinin cylindrical chambers were compared (see

Section entitled Analysis of Cylindrical
Lining of the chamber with foam mat- Chambers) and the spherical chamber chosen

erial, either resilient or crushable, can as being the preferred geometry for the BRL
significantly reduce either blast pressure or design.
impulse imparted to the chamber walls and
thus reduce the total amount of steel in the CONCLUSIONS AND RECOMMENDATIONS
chamber. But, the Installation of this mat-
erial will be expensive, and effective crush- This predesign study included a critical
able materials mast be replaced quite often. survey of the published literature pertaining
General maintenance would be difficult, and to the analysis, design, fabrication and
utilization of the chamber would '-e seriously testing of spherical, cylindrical and rectangu-
impaired. For these practical reasons, the lar blast chambers. Rectangular chambers
use of such energy absorbers or pulse were not evaluated sufficiently as an alterna-shapers should not be seriously considered. tive design, and so, our conclusions and

recommendations are based primarily upon
Do ors, View2orts and Other Op2ins analysis of spherical and cylindrical chambers.

The chamber will ha,,e at least one Conclusions
access door, two viewports 90* apart, and

venting and exhausting or pumping a vacuum, chamber to contain repeated detonations

The shell near these openings must be suffi- of up to 13.61 kg of energetic explosive
ciently thickened and reinforced that its full in evacuated chambers.
tensile strength is not compromised.

If an unevacuated shell design is 2. Eccentric charge locations are also

chosen, the main door and other closures for feasible but required shell thickness
: openings must open inward and seat on seals increases sharply for large eccentrici-

to provide positive sealing for internal blast ties (small standoff distances from wall).

loading. The closures must themselves be
to remain elastic under blast load- 3. It will reduce the structural weight and

ing, which L be done with the aid of thus the cost to evacuate the chamber
openin~s ust openinward ad seat o teal ic ease saply for larger eccaesciexisting elastic response computer codes.Prior tonder ating theclarger charges.

Other considerations such as the effect"°,,If an evacuated shell is chosen,
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on working efficiency and the initial Evacuated chamber for larger charge
cost of a vacuum system must be care- Nweights if the effect on efficiency is
fully considered, however. all, and if there is a favorable

tra eoff between initial costs of

4. For very low vacuums, the reverbera- vacuuar' systems versus reduced chain-
Stion times are greatly reduced, causing ber cons,.°uction costs.

enhancement of the initial shock. Mod-
erate vacuum (34.48 kPa) is easier to 6. Tentative c,'dniber dimensions (dia-
achieve, avoids the initial pressure meter and thickness) for an unevacuated
wave enhancement and yet still reduces steel spherical chamber of 5.48 ,
the overpressures on the chamber and 44.45 mm, and for an evacuated N
significantly. spherical steel chamber of 5.48 m

and 31.75'mm.
5. Pressure wave reverberation occurs

within the first few cycles of chamber Generally, we recommend:
resonance and increases the response
above that produced by the initial 1. An additional study of the effect of
shock. Shell thickness must be increa- multiple loading due to pressure
sed to accommodate the pressure wave wave reverberation of shell response
reverberation or restrictions mast be from eccentric charges.
set on certain combinations of charge
weight and initial chamber pressure to 2. Evaluation of rectangular reinforced
avoid a resonance condition. concrete or steel frame chambers as

an alternative to steel spherical
6. Venting the chamber will not significant- chambers.

ly reduce peak shell wall stresses
because maximum response is produced REFERENCES
by initial presbure loading, or the first
few reverberations. 1. H. J. Goodman, "Compiled Free-

Air Blast Data on Bare Spherical
7. Quasi-static pressure rise is not a factor Pentolite, " BRL Rept. 1092

in design of this particular chamber. Aberdeen Proving Ground, Maryland
1960.

8. A spherical chamber is lighter and thus
cheaper than a cylindrical chamber for 2. W. H. Jack, Jr., "Measurements of
chamber diameters of 7.32 m or less. Normally Reflected Shock Waves

from Explosive Charges, "1 BRL Memo
Recommendations Rept. 1499, Aberdeen Proving Ground,

Maryland, 1963
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study are of two types, specific recomenda- 3. W. H. Jack, Jr., and B. F. Armendt,
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recommendations which refer to related oi Shock Parameters from Explosive
additional studies which merit consideration. Charges Under Simulated High Altitude

Conditions," BRL Rept. 1280, Aber-
Specifically, we recommend: deen Proving Ground, Maryland, 1965.
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3i vC-0393, Southwest Research institute,
3. No, or minimal, venting. San Antonio, Texas, Aug. 21, 1972.

4. Spherical chamber as more economical 5. W. E. Baker, Explosions in Air.
than cylindrical chamber, for chamber University of Texas Press, Austin,
diameter of 7.32 m or less. Texas, 1973.
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Fig. Al. Geometry for Eccentric Charges

30. W. E. Baker, W. C. L. Hu and T. R.

Jackson, "Elastic Response of Thin The desired blast loading parameters A

Spherical Shells to Axisymmetric are reflected peak overpressure P r
Transient Loading," Tech. Rpt. 1, duration of linearly-decaying pressure at
Project No. 02-1635, Southwest Research any shell location T , and time of arrival of

Institute, San Antonio, Texas Aug. 1965. the blast wave t atra given ihell location*.
a

These parameters are obtained graphically
31. J. 0. Davis and P. E. Jockle, Jr., from scaled charges of blast parameters for

"Design and Development of a Four- bare, spherical Pentolite in Chapter 6 of
Foot by Six-Foot Explosion-Proof Reference 5. The dimensionless scaled

Window, " Minutes of the 14th Annual parameters which are read from that refer-

Explosives Safety Seminar, pp. 1223- ence are:
1236, 1972.

*;APPENDIX IN

, *No:mally reflected blast parameters apply 44

Blast Loading for Eccentric Charges for obliquely reflected strong shocks up

to angles of obliquity up to about 39 ° (see
The method used for calculating blast Reference 5, Chapter 1). For all cases we

loading for eccentric charges is the same as calculated, this angle was below the critical

that employed by Baker, et al, in Reference 16, angle.

4 -j except that a newer source of compiled blast
data is usecA (Reference 5). An example
case will be given here to illustrate the method.
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. 1 / 3 E 1 / 3 22=itap °  /E. , _______

p r = (P r/Po) (A2)x' !
130 -18

T iao/po2/3E/3 120 - PC
r rO o 010 1

These parameters are unique functions of 100 t 104

dimensionless scaled distance: 90- 14

(dpo/3/E1/3)(A3) PrtM I tI.Tr SC

In these expressions, sound velocity a
340 m/sec for all of our cases. Ambient
pressure p took on several values, depen- 40 6
dent on assumed shell evacuation. Total

charge energy E was Z. 316 x 107 N-mfor 4

4.5 kg Pentolite charges, and 6.95 x 101 0
N-m for 13.61 kg charges. I 2

The procedure used to calculate the 0
blast parameters was to first calculate R 0I4Sret .,,

from d, and assumed ambient pressure
p and charge energy E . Then, t , P
and I were read from graphs in C~apter Fig. AZ. Blast Parameters for 13.61 kg
6 of ieference 5. Next, the scaled duration Charge, e 1.22 m, p 34.48 kPa.
T for a linearly decaying pressure pulse
was calculated from

21
=-=--(A4)r P
r (M)l

r

The resulting scaled parameters were then
"unscaled" using inverted forms of Eq. (A2)*.

An example of the results of calcula-
tion of one set of blast parameters, using
the method just described, is given graphically
in Fig. AL.

*All times scale in the same manner, so T
was obtained from T using the same
maltipliers as for 250a



FRAGMENT VELOCITIES FROM BURSTING CYLINDRICAL

AND SPHERICAL PRESSURE VESSELS

R. L. Bessey and J. J. Kulesz
Southwest Research Institute

San Antonio, Texas

An analytical method is used to describe bursting
gas reservoirs and to predict the maximum fragment

4 velocity attained by pieces from the fragmenting con-
tainment vessels. The method assumes that the frag-
ments are accelerated while gas escapes through the
rupture cracks between the fragmants. As internal
pressure is reduced by the escaping gas, nearly con-
stant fragment velocities are finally attained. The
resultant fragment velocities may be used as initial
velocities in trajectory equations for fragment hazard
analysis. Results show that the maximum fragment ve-
locities obtained for both cylindrical and spherical
containment vessel geometries are nearly independent
of the number of fragments chosen, n, for n > 10. The
results are compared to existing data on maximum frag-
ment velocities for bursting pressurized glass vessels.
The predicted values for the spherical vessels pressur-
ized with air are within 6% of the experimental values.

INTRODUCTION initial velocities for vessels of vari-
ous geometries and for various breakupAn investigation of the hazard of configurations.

a rupturing gas confinement vessel in-
cludes assessment of both the effects Earlier analytical efforts to de-
of blast damage and of primary fragment termine the initial velocity of primary
damage. Primary fragments may be de- fragments have generally modeled the
fined as the fragments emanating from bursting process in one of three ways.
the material of a containment vessel First it has been assumed that the po-
which ruptures as a result of gas under tential energy of the high pressure gas
high pressure. The high pressure may (or of a fixed mass of high explosive)
be generated in a dynamic process from is partitioned, upon rupture of the
the conversion of a high explosive such confinement vessel, between the kinetic
as in the case of a bomb or by some energy of primary fragments and that of

I quasi-static process such as the case the expanding internal gas. In this
of the relatively slow overpressuriza- model, all fragments are assumed to
tion of a boiler, or a rocket pressur- have the same initial velocity. The
ant tank. An estimate of great rele- model has especially been used to de-
vance to fragment hazard assessments is scribe cases where high explosives are
what is the initial velocity of the confined by cored or uncored cylindri-
primary fragments. Trajectory analysis cal or spherical shells or plate-high
may then be used to determine what the explosive sandwich configurations (3,

i i range and terminal energy of the frag- 4). Fragment velocity is given deter-
ment may be, and what hazards it may ministically as a function of a charge
thus constitute. Under work sponsored to mass ratio. In a second type of
by the Aerospace Safety Research and model, available energy is partitioned
Data Institute (ASRDI), NASA-Lewis Re- between the kinetic energy of the frag-
search Center {i,2), a method has been ments, adiabatic expansion of the con-
devised for estimating primary fragment fined gas, and the plastic deformation
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of the confinement vessel prior to rup-
ture {51. A curve for the elastic-
plastic response of the vessel material
must be assumed, and analysis is car- -
ried out with time dependent, two di- - --
mensional finite difference codes. This /7
model has been especially applied to
problems involving metal-encased high Fragment of circular
explosives where the dynamics of the sectin traveling
explosion process are such that the a. n-Fragment sphere radially
casing may double its radius before
rupture occurs. Thus, the energy used
up in the plastic deformation of the
casing may be a significant portion of
the total available energy.

A third type of model partitions
available energy between kinetic energy
of the fragments, energy used in the
adiabatic or isothermal expansion of b. 2-Fragmet cylinder
the confined gas, and loss of energy
with the escape of the confined gas
through the cracks formed between frag-
ments at rupture {6-81. These models 0
assume the efflux of the high pressure I
internal gas through the cracks formed
between the fragments according to mass __J

rate of flow equations for an ideal gas
passing through an ideal nozzle. Some
breakup pattern for the confinement
vessel must be assumed in order to es-
timate crack areas. The models involve
the solution of nonlinear simultaneous
differential equations by numerical c. n-Fragmentlngcylinder
means; maximum fragment velocity is at-
tained as the pressure of the confined Fig. 1 - Conceptual models of bursting
gas drops to ambient levels. In gen- confinement vessels
eral, no loss of energy is assured as a
result of plastic vessel deform ation.
Thus, these models seem particularly model can predict fragment velocities
applicable to processes where plastic fairly well. Results for the n-frag-
deformation of the confinement vessel ment cylinder compare reasonably well
before rupture is minimal or where the with those for the n-fragment sphere
velocity of the vessel walls immediate- for equivalent volumes and initial con-
ly prior to rupture is low compared to ditions. Nomographs generated by com-
the fragment velocities after rupture. puter code solutions of the models may
This is the case for vessels brought to be used to obtain quick, reasonably
the bursting pressure relatively slowly accurate estimates of initial fragment
by "mechanical" overpressurization or velocities for bursting confinement
heating in contrast to the more dynamic vessels under various conditions.
process of the detonation of high ex-
plosive in intimate contact with a duc-
tile metal bomb casing, for instance. ANALYTICAL MODELS FOR CYLINDERS

Figure 1 illustrates the concep- A cylinder fragmenting into twotualization of several breakup patterns equal pieces at the axis center (Fig.

for fragmenting spherical and cylindri- lb) may be analyzed exactly like the
cal vessels. Models for a spherical similar case for the sphere {7), with

vessel fragmenting into halves are dis- the appropriate enclosed volume and
cussed in Refs. {61 and {7. A sphere vessel mass values substituted in the
fragmenting into n fragments of circu- equations for dimensionless groups
lar projection (Fig. la) is discussed (Eqs. (11) and (12) of Ref. (713. Re-
in Ref. (8). Two additional models, sults are dependent on cylinder length
that for a cylinder fragmenting into because the mass of the cylinder end
halves and that for a cylinder frag- pieces must be taken into account.
menting into axial strip fragments
(Fig. lb and c),are discussed below. Figure ic shows the conceptual-

h Limited data from experiments on spher- ization of a cylinder fragmenting in-
am" ical vessels show that the n-fragment to n fragments. For this case, the 4
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fragments are axial strips which move see Eq. (10). A second differential
radially from the center of the cylin- equation, Eq. (28), is obtained from
der; cylinder ends are fixed. Figure 2 the perfect gas law assumption, an
shows the geometric parameters of the equation for the mass flow of gas
cylinder used in the analysis. A cyl- through the cracks formed between the
inder of length L and radius R is as- fragments [Eq. (14)] and cylinder ge-
sumed to burst into n strip fragments ometry considerations. Values for the
of width d and thickness th. A cross- nondimensionalized constants are also
section of each strip is a segment of obtained through these considerations
the cross-section of the cylinder hav- and are given in Eqs. (29) and (30).
ing a segment height of h and segment
diameter d. In the following analysis
the projected area of each fragment is ANALYSIS FOR A CYLINDRICAL SHELL FRAG-
obtained from the surface area and the MENTING INTO N STRIP FRAGMENTS
initial subtended angle of the fragment
at the center of the cylinder, with the Variable List:
result Eq. (6). Next, the area of a
crack about any fragment at any time is A - term in Eq. (11)
obtained by assuming the cracks only
form lengthwise along the cylinder, and Af - fragment area
by obtaining an equation for the width

of these cracks in terms of the initial a - sound speed in confined gas,
radius of the cylinder and the radial 0 = 0
distance r the fragment has traveled at
any time, t. The equation for crack a* - critical sound speed in mass
area is given in Eq. (9). One of the flow equation
differential equations of motion de-
rived on the basis of an adiabatic gas B - term in Eq. (11)
expansion and radial motion of the
fragments is the same for this analysis C - term in Eq. (11)
as it was for the n-fragment sphere,
as are the equations for nondimension- D - term in Eq. (11)
alization of time and displacement;

d - width of fragment segment

F - fragment projected area

W g - nondimensionalized displacement
// of a fragment

h - segment height (see Fig. 2)

-(o)tR k - mass flow rate coefficient

L - cylinder length

M - mass of contained gas at any
instant, T

a. Cylinder cross section Mf - fragment mass

Mt - cylindrical shell mass

n - number of fragments

P - crack perimeter about a fragment

R0 d,2  P, - nondimensionalized pressure

- pressure of confined gas at any/ instant, T

Poo - initial pressure of ;onfined gas

b. Strip fragment cross section R - iiri.ai cylinder radius

Fig. 2 Geometric parameters for a r - fragmentdisplacement at any
fragmenting cylinder insan,
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j
s - segment length A LS , S = OR

f
T - temperature of confined gas at (&_i)any instant, T e = cos- I

IR
th - shell thickness Therefore,

Vo - volume of confined gas at any A L.Rcos-  h(
instant, T f R-(4

Vs  - volume of shell material From Eqs. (2) and (4),
w crack width h=R 1

x - nondimensionalizing constant for
displacement From Eqs. (5) and (3),

a - nondimensional constant 1/2F = 2L.R [1 - co -(6)

B - nondimensional constant

The crack area at any time T for frag-0 nondimensionalizing constant formeti s
time ment i is

8 angle subtended at the center of (Pw)I = 2 L w (7)
the cylinder by a fragment From Fig. 2 it may be seen that

- ratio of specific heats for w = 6[r(T) - RJ
confined gas

P confined gas density at any [r) R]
instant, t From Eqs. (7) and (8),

p,- critical density of gas in mass 4 L
flow equation (Pw) --- rt) R

P - density of shell material4L-R N(9)

T - time n2 1 R

- nondimensionalized time From Ref. {8), Eqs. (14), (15) and (16),

Prime denotes derivatives with respect [ 2 ] /(i)

g = nP - ()

From considerations of the cylin-
der geometry (see Fig. 2), M a2

Mt = sV = PL 0
t S a
[(R + t h)2 - 2 ]  (1 K ~o 2 /

Fro 2RL (2)+equation, From differentiation of the ideal gas

dP (T)/dTo1 dM(T)

d V(T) = Vo(T) dT ()
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A =B + C - D and nondimensionalizing displacement
and time,

Using the variable changes PO(T) Poo ~ ) g~ t=(0
P* (g) and T = GE, term A becomes rT g (0

(12 we obtain from Eqs. (17), (18) and (19),

and using these variable changes with B 0* K1
the ideal gas law, term C becomes X 2g 2 ()

icl *(13) -1]T (21)O K P*R

The confined gas mass flow rate through Fo q 1)
the cracks is [from Eq. (7), Ref. {8)]1 dV (T)

D= 1 o22
dMT)=_kLLP (14) ~V(T) dT (22

'he total crack area around n fragments DfeetaigE.(6 ie

Pw~(w) =n(Pw). dV (T) dT2 (T- TL2r
2. =2.P ) d'r dT r 2 (T

And from Eqs. (9) and (14),dr)
dr(T)(23)

d()= - kp~a,4R~L-R

1 do(T 2
* 11 (15) D-~--- d

But from the cylindrical geometry, do (24)
2 d'

V_(T) = Tr (T)-L (16) Changing the variable with Eq. (20),
term D becomes

Thus, from Eqs. (11), (15) and (16),
term B becomes D=

D Xg(") 0 ,&

B= 1 dM (r)2g')
PO ()V 0 ('r) d- g()(25)

*k a* From Eqs. (11), (12), (13), (21) and

P- T (25),

(17)(18)

P. 4kKa Rf.L Kl/(.
Rr2T l r + 00 I'+lJ

(T 90 t 
2

lasisumi an q adiaati gasexpnson (K-l)/2K-2gg(6

a0 (t a(T) (Kl)2 (19) Fo q 1)
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-- a / and state condition of the confined gas.

0 aoThis is probably due to the fixed end
assumption for the cylinder model and

FP -3/2 the fact that the assumed cylindrical2  00 2 (27) divergence of the fragments would cause

X Ma l~lI the cracks to open up slower between
ta00 the cylinder fragments than between the

spherically diverging fragments of theAssume constants a and 8 such that Eq. sphere. Figure 3 shows that vf in-
(26) becomes creases with the volume of contained

gas for either model. Figure 4 gives
Pg 2 (an example of the variation of vf with

P* -g 8 mass ratio where Mos, the mass of a .

P, g L volume of gas at STP for the volume
Vo(0) is a nondimensionalizing factor. '

- 2Kgg' (28) From the figure it may be seen that v-
is not highly sensitive to the specific "

Then, from Eqs. (26), (27) and (28), heat ratio of the confined gas, but de-
creases rapidly with the confinement

K2 (+l)/2(K-1) vessel mass for a fixed Vo(0) and Poo.
a 4kKc--

K 4 + Figures 5 and 6 are example plots

for the quick estimation of maximum
I2 (-/2 fragment velocities expected from

(29) bursting cylindrical spherical vessels
of various mass ratios. In the figures,

2- --  -l rPOO  vf and P00 are normalized to ambient
2 '30) sound speed and pressure to obtain V

M~ aand P, respectively. Plots similar to
ta00 this may be generated for cylindrical

and spherical vessels of other dimen-
Differential Eqs. (10) and (28) are sions to provide tables from which ini-
solved simultaneously by an iterative tial fragment velocity estimates can be
computer code using the Runge-Kutta quickly obtained for hazard analysis
integration techniques. The initial assessments.
conditions are

Some experimental data for initial
R fragment velocities from bursting con-

g(0) = , P,(0) = 1.0, and tainment vessels are available to check
the predictions of fragment velocities

g'(0) 0 from the models and tables generated
from the models. For example, D. W.
Boyer, et al., (9) have measured frag-

A sample output for this type of code ment velocities from bursting glass
for the n-fragment sphere may be seen spheres of various dimensions where the
in Ref. (8). Since Mt and F are both spheres were pressurized with air or
proportional to L, for the n-fragment helium (He). Table 1 lists the data
cylinder, from the Boyer report and compares them

M with values obtained from the code so-

M lutions of the model for the n-fragment
F spheres. Values for vf are also given

length, which have been obtained by linear in-
terpolation from tables of nomographs

and L drops out of the equations for B, such as that of Fig. 5. The code data
X, and 0; i.e., the cylinder length compare rather well with the experi-
does not enter into the solution for mental data. Some accuracy is lost in
Eqs. (10) and (28). interpolation from the tables, but it

appears that this would be a reasonable
Some results for equivalent vol- method of obtaining approximate initial

ume n-fragment cylinder and sphere mod- fragment velocities. Results from the
els are shown in Figs. 3 and 4. As may n-fragment sphere model have already"/ " 1be seen in the figures, if more than compared well to those for titaniumten fragments are assumed for either alloy spheres bursting under air pres-

- "';- case, the maximum initial fragment ve- sure (8). Available experimental data
locity, vf, is independent of n. In for fragmenting cylinders are available

r'gneath yine odl reitentirely from high explosive bomb arena
~;~rz thigher fragment velocities than the tests. It is not expected that the

•model is applicable to this situation
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TABLE 1
Initial Fragment Velocities, vf, from Bursting Glass Spheres

(p = 2.6 gm/cm3

Sphere Characteristics Pressurizing Gas Initiai Fragment Velocities
Wall v (Boyer) v(Code) v (Tables)I

Radius Thickness Pressure f f f
cm cm Type Pa m/s m/s m/s

1.27 0.100 Air 2.25X10 6  51.8 51.5 57.6

2.54 0.100 Air 2.25Xi06  75.6 80.2 84.4

6.35 0.190 Air i.38XI06  69.8 78.0 75.6

1.27 0.100 He 2.25X106  44.2 38.4 43.6

2.54 0.100 He 2.25XI06  79.4 61.6 64.0

where the strain in the casing expansion n-fragmenting cylinders of equivalent
may be a significant part of the avail- geometry and initial conditions.
able energy.

- , Some results for a cylindrical con-
finement vessel with hemispherical end
plates fragmenting into halves at the I_'
axial center point are shown in Fig. 7. Analytical models have been devel-
These more massive fragments attain con- oped to predict the initial velocities |
siderably lower initial velocities than

52r-, W..
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are much lower than those of a breakup
6.0 .. pattern where relatively more fragments

4.0 L..85m of less mass are produced. This type
RO.152m of analysis in general may be expected

to provide a means for simple estimates
2.0 ." of initial fragment velocities which

may be used to assess the hazard of gas
1.0 confinement vessels bursting under

pressure.
0.6:
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DESIGN OF A BLAST LOAD GENERATOR

FOR OVERPRESSURE TESTING

P. Lieberman, J. O'Neill, D. Freeman, A. Gibbs
TRW Defense and Space Systems Group
Redondo Beach, California 90278

This paper discusses the requirements and design features of a blast
load generator which can essentially simulate the overpressure history of an
atomic weapon burst in a 7-ft diameter and g-ft high test volume. Tie over-
pressure history parameters, rise time to peak pressure, peak pressure and
pressure pulse decay time, are considered in the design of the blast load
generator parameters, inert driver gas and pressurization, driver section
cross-sectional area and volume, driver sectibn vent hole and time delay,
driven section cross-sectional area and volume, and filling materials and
their layered depths. A computer code prediction of environment performance
prior to construction of the blast load generator, as well as the measure-
ments of the performance, are both presented.

INTRODUCTION could be properly evaluated. The total impulse
however, would be too small to excite the longer

It is required to establish a blast load period structural modes for their contribution
environment in a soil and/or water test bed to a potential fa;lure. Except for this tech-
containing a target structure. This environment nical limitation, this approach is economical
is specified by (1) peak pressure, (2) rise for evaluating a iarge number of test structures.
time to peak pressure, (3) total impulse within
a short time period associated with shock load- The use of a buried trench containing the
ing of the target structure and (4) total impulse target structure, an explosive filled cavity
within the positive phase duration. above the structure, and an overhead berm above

the cavity will permit the establishment of
Ideally, the best performance would be for: the high peak pressure and fast rise times over

* peak pressure (1000 psi) a small volume. But the rapid upward propul-
* rise time to peak pressure sion of the overhead berm by the explosive gases

- surface targets (5 milliseconds) results in uncovering the closed volume of the
- 20 feet deep buried targets cavity in a few milliseconds, and therefore,

(10 milliseconds) the applied loads are too short. This approach
9 loading time to deliver total impulse of is economical for evaluating a small number of

* lodin tie todelvertota imuls of test structures.
significance to structural response"; ." (50 m i l l i s e c o n d s ) ,

* durati on si The use of a blast load generator in a• • .* duration of the positive phase
*4 j (I second) closed volume permits the duration of the load

to be exterded, and the load to more closely4 The use of a large chemical explosive source conform to the overall shape of the blast wave
in a field test can establish the peak pressure history. There are a number o; such blast load
and rapid rise time loads of interest over large generators available. For testing a small number
test bed volumes. At regions just outside of of test structures, these facilities are excellent
the crater, the peak airblast loads may range choices; but if the number of test structures

V from 500 to 1500 psi. But the positive phase are more than two or three dozen, it may become i
durati - may typically range from 10 to 50 more economical to consider the construction

2" millise..jnds, with a high degree of spikedness of a new facility specifically tailored for the
that produces an initial slope intercept of requirements of the test structure evakatlon.

about 2 milliseconds. Thus, for test structures
of about 3 cubic feet in volume, the peak pres-
sure sensitivity and acceleration sensitivity
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The purpose of this paper is to describe test volume is increased. But the smaller diameter
the design of a blast load generator which uses can accommodate a higher pressure, so that the
a closed volume. For the attainment of rapid degradation in rise time is not so severe.
rise times, the driver section can utilize
eAplosives. But for safe, economical, repro- Thus to sustain the highest possible
ducible, and more maintenance-free operation, peak pressure in the test volume it will be neces-

the driver section uses pressurized inert gas sary to reduce the free volume in the test chamber.
in a small diameter pipe. This sacrifices The free volume consists of both the initial
the rapid rise time. The pressure decay history space above the test bed as well as the space
is controlled by a special vent system. created by the compaction of the water or soil

test bed.
DESIGN CONSIDERATIONS

3. Rise Time to Peak Pressure
The design considerations include: The rise to peak pressure would be

* size of test volume instantaneous in the test volume if the chamber
* peak pressure and driven chamber were of the same diameter,
s rise time to peak pressure if there were no restricting orifice between
* decay history for early time the driver and driven chambers, and if the

drive were by explosives which completelyAside from these special considerations, there filled the space above the test bed.are the general considerations of the construc-

tion of a large vessel containing a high pres-surewit liitedperissbleleakge nd asyWhen a test volume is filled through
sure with limited permissible leakage and easy an orifice from a much larger reservoir, there

is introduced a rise time. Table 1 was derived

A. Special Considerations by use of the FACTS and CAPER computer programil].
The rise time is found to be directly propor-

1. Test Volume tional to the test volume and inversely progor-

tional to the orifice area. For a 0.393-ft
The dimensions of the target struc- free space to be filled through a 0.5-ft diameter

ture that were of interest in the first test orifice; the rise time to half-pressure is
series were 14 by 14 by 28 inches. This would 1.05 milliseconds. This represents a rise time
indicate that a 6.75-ft diameter by 9-ft high much smaller than will be encountered by other
test volume would be sufficient to reduce wall effects.
reflection interference effects. However,
for soil test media the wall friction effects The rise time is also altered by
must be considered. the introduction of a vent in the driven chamber

(Table 2). In the first case of Table 2, if
2. Peak Pressure there were no vent the rise time to half-pressure

The peak pressure that could is 3.35 milliseconds, or about 7.00 milliseconds

structurally be contained in a closed container to full pressure. But with the addition of a
3.0-inch diameter side vent the rise time increases

with a removable cover and a 6.75-ft diameter, from 7.0 milliseconds for no vent to 12 milli-
is of the order of 1000-psi. In order to seconds with a vent. Thus if the chamber vlumes
achieve this pressure in the test volume, it is and orifices are kept within the realm of the
necessary to u even higher pressures in the first case of Table 2, the rise times associated
driver section. with gas filling will be much less than the

For the sudden release of driver rise times associated with the compression of
gas into the driven test volume, where the the liquid or soil in the test volume. This

driver and driven sections are of comparable latter effect will therefore control the rise

diameters, the test volume is pressurized time of the test volume pressure, and will be

by a series of shock waves and rarefaction
waves that eventually approach the. thermo- The most important effect or the
dynamic equilibrium pressure. Thus a 120 0-psi rise time is that due to the pressurization of a
driver section pressure would require that compressible medium by a smaller diameter driver
the free gas volume in the driver section chamber. The strong pressure wave launched at
be no more than 20% of the driver section the driver chamber attenuates as it enters larger
volume, in order to achieve a 1000-psi thermo- crsseto.Muipeefcinsfthcross sections. Multiple reflections of the 0
dynamic equilibrium pressure. The early time launched wave between the driver chamber and a
oscillations will cause pikes with amplitudes distant wall results in a gradual rise in pressure
higher than the final thermodynamic equili- of the larger diameter driven chamber. Numerical
brium pressure. However, the rise time is examples are as follows:
extremely rapid, and can be on the order of

'-, several milliseconds. The propagation of a step wave at
As the driver section shrinks in the water surface of the test volume (Figure 1).... undergoes multiple reflections at each change in

diameter -ompared to the driven section, the peak
pressure of the oscillations are reduced and cross section area. Based upon work in Refer-ence 2, a computer program was written atTR
the rise time to equilibrium pressure in the

262

,k



to evaluate the pressure histories at stations large diameter structure and use of a large
Ml, M2, M3 and M4 of Figure 1. When a 1000-psi neoprene water stop to prevent water loss through
step wave is applied at the surface the response the annulus around the removable cover.
station attains 950-psi at different times,
depending upon the test volume materials and The cylindrical walls of the test
dimensions (Table 3). For 1.0- and 1.5-foot chamber were built of steel shell sections
diameter standpipes, and 7-foot diameter tanks varying from 7 to 15 feet in diameter, witn
having a concrete base,_the table shows the rise concrete filler between the steel shell segments.
times to 950-psi for different filler materials. The chamber wall was extended to allow -ttach-
When the system is filled with water, the rise ment of the rim of the closure with three rows
times range from 10 to 17.5 milliseconds. But of bolts.
if soil is introduced into the test volume the
rise time increases from 120 to 180 milliseconds. The floor/wall interface required a
Increasing the standpipe diameter from 1 to 1.5 steel internal liner to eliminate leakage bet-
feet in diameter more than halves the rise time. ween the concrete walls and concrete floor.
Raising the spring constant and reducing the mass
of the concrete base decreases the rise time. The vent system has a hydraulic time delay
The friction coefficient between the test volume (Figure 4) so arranged that the high pressure
material and facility wall strongly influences driver gases can pressurize the test volume
the rise time. without venting, but after an adjustable delay

the vent is opened so that the vent size then
By considering the gas filling tailors the pressure decay. With minimum or no

rise time of the order of 12 milliseconds, and delay it is possible to deliberately overpres-
the water pressurization of 20 milliseconds, it surize the driven chamber initially in order
should be expected that the rise time in the to achieve a faster rise time, but to then use
water test volume will be at least 32 milliseconds. a larger vent hole to attain the required peak

pressure.
4. Decay History

The use of water as a test medium in
The pressure decay in the test volumne the driven chamber is the easiest to handle

would not occur at all if there were no way to
vent the applied pressurized gas. The placement and yields the fastest rise times. The use of
of a vent in the applied pressure volume will dry soil results in the most difficult loading
induce a pressure loss with time. The smaller problem, the most difficult water/soil seal
the pressurized volume and the larger the vent problem to assure dry soil, and the most diffi-
hole, the faster the pressure history decay, cult soil (usually wetted after post shot punc-ture of the seal) removal problem.

Figure 2 was calculated on the basis The wall friction is especially important
of the FACTS/CAPER code. For a 1150 psig pres- for soil test media. The applied load at the top
surization of the driver chamber with volume
6.65 cubic feet, connected through a 4-in orifice to the test structure because of the soil
to a driven chamber wi a volume of 0.80 cubic arching and soil partial attachment to the walls.
feet, Figure 2 shows tt peak pressure and the Br h e ate test edium the l s
impulse at 200 ms achieved in the driver test cham- But for the water test medium, these problems
ber as a function of the diameter of the side- are eliminated.
vent orifice. Figure 2 shows that a 2-inch dia- PRESSURE HISTORY RESULTS
meter side-vent orifice would yield a 983 psig
peak pressure, and an Impulse of 153 psig-sec The calculated pressure history at each of
at 200 ins. four locations in the blast load generators,

for Case A-3 of Table 3, are shown in FiguresB. General Considerations 5, 6, 7 and 8. In Figure 5, the pressure
history in the middle of the upper portion of theThe general considerations deal with l standpipe is shown. The step-rise to 1000 psi

rcover hold-down bolts, the cover seal, the wall Is attained immediately, but reflections fromstructural configurations, the floor/wall inter- the area enlargement at the end of the standpipe
face, the vent hole system, the test media, and the are enlare t a the end of th t e
the wall friction. causes the pressure to fall from 1000 psi as thesmall column of water at the top accelerates. °

However, after 4.5 milliseconds when the reflec-

2 design of ~The cover ncde oltnsidteaosefr w s mlcounfwaeatheopceeresThe cover and bolting to the chamber was tions start returning from the almost rigidthe most difficult structural design problem. bottom of the blast load enerator th averae
To support a 1000-1500 psi chamber pressure over gressfre, tse average

the 6.75-ft diameter (about 8,uO,000 pounds of pressure starts rising again.

load) a large number of belts were required. The In Figure 6, the pressure history in thedesign of the cover includes considerations for loeprtnoftesadiehwsrsue

the rapid removal of the bolts and lifting of the lower portion of the standpipe shows pressure
spikes to 600 psi during the first 2 milliseconds,cover to remove test specimers (Figuic 3). then a decay to 150 psi at 4.5 milliseconds, a
gradual rise in pressure after 4.5 milliseconds " -'

cover because of reflections from the rigid bottom of
seal was achieved by the use of water in the
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the blast load generator, and the onset of oscil- would also assist in sustaining higher peak pres-
lations about the 1000 psi level because of the sures for highly compressible test media. This
hydroelastic effect. is especially true when compressibility is delib-

erately introduced to simulate not only accelera-
In Figure 7, the reflections in the 7-foot tion and velocit) environments, but also to simu-

diameter portion of the blast load generator late large displacements.
appears as marked steps in the pressure history.
After about 20 milliseconds, the pressure history When no change in driver chamber diameter
starts to show the hydroelastic oscillations of is permitted, for soil tests and for soil tests
the water column pressures interacting with the with a back-up layer of low impedance crushable
facility dall longitudinal stretch and the bowing solid, it will be required to increase the
of the facility floor. A lid pressure gage driver chamber volume in order to sustain the
iocatea in the upper portion of the tank showed 1000 psi peak pressure in the test volume.
these effects.
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gas-filling rise time of a few milliseconds. (CAPER - Computer Program).

For a water-filled bfast load generator 2. Lieberman, P., A. H. Wiedermann, and
the peak pressures of 1000 psi and rise time of G. Nagumo, "Design Methods for Hardened
about 20 milliseconds permits simulation of blast Pipe Systems", U.S. Army Engineer, Contract
loads transmitted to targets through soil depths DACA87-69-C-0005, llTRl Project Number J6161.
of at least 40 feet. But to achieve the required
pressure decay it will be necessary to use helium APPENDIX - PRESSURE HISTORY
gas drivers or to increase the vent hole area The pressure decay histoy in the drver
(Appendix A). chamber is derived in this Appendix in order to

For a soil-filled blast load generator, develop the decay history relationship on the
the peak pressures are achieved with higher start- following parameters:
ing pressures because of the greater compressibility * Volume of the driver chamber, (Vo)
of soil which causes the given quantity of driver . Cross-sectional area of vent, (A*)
gas to expand into a larger final volume. The e Stagndtion temperature of stored gas at
rise time extends to the order of 100 millisecond. the start of the venting, (Toi)
Thus this parameter is too distorted to be useful * Stagnation pressure of the stored gas at
for blast load testing, but is acceptable with the start of venting, (Poi)
regard to impulse testing to a given "static"
overpressure. e Gas properties

- Specific heat ratio, (Y)

CONCLUSIONS - Molecular weight, (MW)
- Speed of sound at the start of the

The blast load generator (Figure 10) can venting, (Coi)
be used to test up to 1000 psi peak pressure sensi-
tivity and early-time (200 ms) impulse sensitivity The pressure decay history in the chamber, (Po),

of target structures. The impulse can be varied is given by
by using spiked waves to square wave applied
pressure histories.

With the current driver section, the rise P i l c 2 A*
time is about 50 to 60 milliseconds for a water = + -RW y )i' t
test volume. This can be improved by the use of Po0
higher driver pressures, or by going to 1.0
to 2.0-foot diameter driver chambers. This
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or TABLES

+1 2 TABLE 1
P C A* FILLING TIME BETWEEN CHAMBERS

0 + (-= It DRIVER DRIVEN ORIFICE COMPUTED

0 VOLUME VOLUME DIAMETE' RISE TIME

U V V1 V2 d TO HALF-
where l/2 (ft3) (ft3) (ft) PRESSURE

t Time

Ro  Universal gas constant 10 70 7 0.83 0.00725

The pressure history relation is derived 20 7.85 0.393 0.25 0.00425
from the following three relationships: 10 7.85 0.785 0.50 0.00216

e Equation-of-state 20 15.71 0.785 0.50 0.00215

Po V-R T0  10 15.71 1.57 0.83 0.00160
o 20 7.85 0.393 , 0.50 0.00105

or

SdP 1 1dm 1 dT

Po *dt m To dt

where
m Instantaneous mass in Volume V0

* Critical mass flow through an orifice
(Flegner's formula)

Y' 1

Yg MW 2 1 2dt Ro  T ol1 )2 T A*

• Adiabatic process

L
}, dTdP

o : - ICORRELATION FOR TABLE 1 CALCULATIONS
TO Y Po

0 0

Figure A-1 shows the pressure history attain- V2 (ft
3)

able by venting through an orifice, using a gas t50% = 000067 2
whose molecular weight is 28.98 lbm/mole. Three d (ft)
different values of y are shown to indicate the
sensitivity to the expansion thermodynamic process.
The results are presented in non-dimensional
form for convenient use in other applications, for V1 > > V2

A more rapid pressure history decay
(Figure A-l) can be accomplished by:

* Increasing the initial temperature
* Increasing the vent area
* Decreasing the initial volume
e Changing the gas to a

Lower molecular weight gas

Higher specific heat ratio gas

The latter effects can be more readily seen in
the formulas for the air, hydrogen, argon ano
helium gases (Table A-l). The table shows that
it is wiser to use room temperature helium thanheated air to achieve the same decay time.
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TABLE 2 i':i
FILLING TIME BETWEEN CHAMBERS WITH A VENTED CHAMBER

GIVEN DERIVED _ _ _

ORIFICE
DIAMETER ORIFICEBETWEEN INITIAL DIAMETER TIME TOTAL

DRIVER DRIVER DRIVER/ DRIVEN DRIVEN IN TO IMPULSE
CHAMBER CHAMBER DRIVEN CHAMBER CHAMBER DRIVEN PEAK PEAK TOPRESSURE VOLUME CHAMBERS PRESSURE VOLUME CHAMBER PRESSURE PRESSURE 200ms
P1  V1  D1  P2  V2  D2  tp pp 1200
(psia) (ft3) (in) (psia) (ft3) (in) (ms) (psia) (psig-sec)

1464.7 13.25 4.8 14.7 0.8 3.0 12 1281 195
1464.7 13.25 '4.8 14.7 1.8 3.0 25 1168 181
1464.7 13.25 4.8 14.7 2.8 3.0 36 1078 170

1464.7 13.25 4.8 14.7 4.0 3.0 47 990 158
1464.7 13.25 4.8 14.7 7.2 3.0 72 828 132
1464.7 13.25 4.8 14.7 7.2 3.0 72 1016 164
1464.7 13.25 4.8 14.7 10.4 3.0 92 701 112
1464.7 13.25 4.8 14.7 13.6 3.0 109 615 96-p

D2  200 msT

-.

2
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TABLE 3

RISE TIME RESPONSE TO A 1000-PSI STEPWAVE AT MIDWAY DOWN LOWEST TANK

WATER IN WATER IN UPPER PART OF LOWER TANK MIDDLE PART OF LOWER TANK
UPPER STANDPIPE LOWER STANDPIPE

LENGTH DIAMETER LENGTH DIAMETER MATERIAL LENGTH DIAMETER MATERIAL LENGTH DIAMETER
(FT) (FT) (FT) (FT) (FT) (FT) (FT) (FT)

A-i 0.8 1.5 0.8 1.5 Water 0.8 7.0

A-2 0.8 1.0 0.8 1.5 Water 0.8 7.0
A-3 0.8 1.0 0.8 1.5 Water 0.8 7.0
A-4 0.5 1.0 0.5 1.0 Water 0.5 7.0
B-i 0.6 1 .5 0.8 1.5 Water 0.8 7.0
B-2 0.8 1.0 0.8 1.0 Water 0.8 7.0

B-3 1.6 1.0 1.6 1.0 Water 0.8 7.0
B-4 1.6 1.0 1.6 1.0 Water 0.8 7.0
B-5 1.6 1.0 1.6 1.0 Soil 0.5 7.0

C-i 1.6 1.0 Water 0.8 7.0 Soil 3.0 7.0
C-2 1.6 1.0 Water 0.8 7.0 Soil 3.0 7.0

LOWER PART OF LOWER TANK CONCRETE TANK FLOOR FRICTION RISE TIME REMARKSCOEFFICIENT TQ 950 PSI

MATERIAL LENGTH DIAMETER SPRING CONSTANT WEIGHT PSI 2  (MILLISECY(FT) (FT) (LB/IN) (LB) 2

A-i Water 8.5 7.0 106 103 .05 10 Baselne case for
water

A-2 Water 8.5 7.0 106 109  .05 17.5 Decrease in diameter
of upper standpipe

A-3 Water 8.5 7.0 i09  106 .05 13.5 Increase in natural
frequency of floor

A-4 Water 8.5 7.0 106 109 .05 19 Decrease In both dia-
meters and lengths of
standpipes

B-i Soil 8.5 7.0 106 109 .05 120 Baseline caoe for
water/soil

B-2 Soil 8.5 7.0 106 109 .05 280 Decrease in standpipe
diameters

B-3 Soil 8.5 7.0 106 109  .05 280 Increase in standpipe
lengths

B-4 Soil 8.5 7.0 109 105 .05 260 Increase in natural
freqvency of floor

B-5 Soil 8.5 7.0 109  106 .05 255 Soil replaces water
at top

C-i Water 5.5 7.0 109  106 .05 dO Baseline case for
water/sol 1/water

C-2 Water 5.5 7.0 109 106 0.00 20 Decrease of wall fric-
__t on i
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APPLIED
STEP WAVE-,,
HISTORY UPPER STANDPIPE
STATION (WATER)

LOWER STANDPIPE
(WATER) 4

UPPER TANKM3 (WATER OR SOIL)

: :LOWER TANK
(WATER OR SOIL)

RESPONSE
STATION

PROPERTY IAL SOIL WATER

ACOUSTIC VELOCITY (FPS) 1000 4660

DENSITY (PCF) Io0. 62.4

FIGURE 1 MODEL OF BLAST LOAD GENERATOR

o DR!'IER CHAMBER VOLUME = 6.65 ft3 AND
INITIALLY AT 1150 psig

o ORIFICE BETWEEN DRIVE AND TEST
CHAMBER, D1  4 in. (SEE TABLE 2)

180 o TEST CHAMBER VOLUME = 0.8 ft3

, 160

140 ,r-,
"' 120
-J

100

1 2 3

1100

wi 1000

9 900

800

DIAMETER OF VENT ORIFICE, D2 (in)

FIGURE 2 PEAK PRESSURES AND EARLY-TIME (200 ms) IMPULSE IN TEST CHAMBER
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Pk:SSURE CHAMBER
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TRANSDUCERNSUCE
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-1-31

161.1
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*1

ACCUMULATOR
13.2/6.6 cu ft.

DIAPHRAGM
SECTION

1 SLIDE WATER

WATER1"

DELAY MECHANISM

COVER PRESSURE GAGE

FIGURE 4 DELAY MECHANISM

S.00 0.04 0.08 O01 0.6 0:20 0:24 0:28 0:32 03

5- I I

8 1000 - PSI MI TIME (SEC) *10-1
STEP WAVE
INPUT

...
I0

In

n 8

cv

FIGURE 5 PRESSURE HISTORY IN MIODLE OF UPPER STANDPIPE
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0;0 0 0.04 0! 08 O0'l2 0!16 0! 20 0.24 0.28 0.32 0!.16

0 1000 - PSI

STEP WAVE
INPUT

M2
0

m
0

0
w

- g
0

0

FIGURE 6 PRESSURE HISTORY IN MIDDLE OF LOWER STANDPIPE

8 0 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36

1000 - PSI TIME (SEC) *10-1

STEP WAVE

INPUT

0i M3

~~ii

ct

¢"" FIGURE 7 HISTORY IN MIDDLE OF UPPER TEST CHAMBER
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CD 0:0 0:08 0:1l2 0!16 0!20 0:24 0.'28 0! 32 0:36

cmj 1000 -PS
STEP WAVE

CD INPUT

oL

CD M4

CC C
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ACCUM4ULATOR
VOLUME a 6.6 cu. ft.

2PRESSURE - 1600 psi]

VENT DIAMtETER = 4.0 in.
DELAY ORIFICE DIAMETER FOR WATER 1.0 in.
DELAY PISTON INITIAL DISPLACEMENT =0.0 in.

CLC

S 1000 1000

S 500 500U

0 100 200 0 100 200

TIME (mns) TIME (mns)

FIGURE 9 MEASURED PRESSURE HISTORIES

FIGURE 10 PHOTOGRAPH OF BLAST LOAD GIHERATOR
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41.

1) 70P VIEW OF TEST CHAMBER LID,

DIAPHRAGM SECTION, AND DELAY MECHANISM

1) BURST DIAPHRAGMS

2) TOP VIEW OF TEST CHAMBER

2) DOUBLE DIAPHRAGM SECTION,
WATER LEVEL PORT, AND
GAGE PORT

3) LID t-* DELAY MEChiPNISM

F iGURE !Ob TOP PORTION OF TEST CHAMBER FIGURE 10c BURST DIAPHRAGM S.ECTION
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TABLE A-1 DECAY HISTORY DEPENDENCE ON GAS PROPERTIES

Specific Acoustic Pressure Decay History Pressure Decay
Heat Velocity Formula t = 0.050 sec
Ratio

A-. 0.0083 ft"I

To
yi C 0  01 Pi i

(fps) o-  o

Air 1. 1128 (1 + 130.55 L t)7  1.447
V
0

Hydrogen 1.4 4275 (1 + 494.78 Lo t)7  3.696V0

Argon 1.66 1049 (1 + 197.48 V* t)5  ).483
A0

Helium 1.66 3305 (1 + 622.18 V t)5  3.153
V0

A*= .05 ft2  0.0083 ft"

Vo 6 ft

!I

ii
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m 1 I

1) TWO 6.6 CUBIC FEET DRIVER SECTIONS 2) DELAY MECHANISM

3) 6.6 CUBIC FEET DRIVER SECTION

FIGURE lOd DRIVER SECTIONS

1.0 A

0.9 V
V0

0.8

S 0.7

0.6 p P

n ~ To A- t _.1 lb/lb -,,ole
7000'R 0 V '

0.4
ft-b A ( b-

S 0.3 R--00R f V0

R 0.33

0.2

Oly =1.8 1.6 1.4

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

NON-DIMENSIONAL TIME, t 104

FIGURE A-i PRESSURE DELAY HISTORY
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DEVELOPMENT OF A SHRAPNEL CONTAINMENT SYSTEM
FOR EXPLOSIVE-TO-ELECTRIC TRANSDUCERS

P. H. Prasthofer
Exxon Production Research Company

Houston, Texas

A shrapnel containment system has been developed to
ensure safety of personnel and elimination of col-
lateral damage to surrounding componentry from the
operation of explosive-to-electric transducers. This
has been achieved within the size and weight con-
straints necessary to make these devices competitive
with their electronic counterparts.

INTRODUCTION HISTORICAL REVIEW

Expolsive-to-electric transducers Most of the published work dealing
are used to generate current or voltage with the confinement of explosions
in a number of applications. These addresses the design of structures
components, while often more reliable resistant to the blast and shrapnel
than their electronic counterparts, do effects from the detonation of large
creatn a hazard because of their explo- explosive devices such as military
sive content. For some time there has ordnance or large pyrotechnic devices
been an interest in developing contain- such as fuel tanks. "Large" and "small"
ment systems that would eliminate the in this context refer to explosive TNT
hazard in two major areas: (1) safety equivalents on the order of kilograms
of personnel handling the device and and grams, respectively. The litera-
(2) prevention of collateral damage to ture concerning containment of small
surrounding componetry during both quantities of explosives is somewhat
intentional and unintentional oper- sparse. One of the earliest papers on
ation. To satisfy these goals, the the subject is by Zimmer and Asaoka
vessel must contain all hazardous [I] and deals with the confinement of
shrapnel, but may vent gaseous detona- small quantities of nitroglycerin in

tion products. In addition, the vessel polyethylene containers. Duffey and
weight and volume must be small enough Mitchell (2) give an analytical descrip-
to make the total component-containment tion of the impulse delivered to the
system physically competitive wila wall of a long cylinder by a centrallyI
electronic devices. Such a vessel was located spherical explosive charge and
developed in the study described below verify some of the results experimen-tally. The application of distended

Following a brief review of the materials to explosive containment,
literature on containment systems, the particularly distended metals (metal
containment process is discussed, and "foams"), as shock mitigators and
the analytical and experimental studies energy absorbers was pioneered experi-
are described. mentally by Benedick [3]. The use of

vermiculite as well as plastics has
been studied at the Los Alamos

A, :'Senior Research Engineer, Exxon Production Research Company, Houstoh, Texas, for--
merly Member of the Technical Staff, Sandia Laboratories, Livermore, California.
This work was supported by the United States Atomic Energy Commission Contract
Numbers AT-(29-l)-789.
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Scientific Laboratory. An effort to energy absorbed in a material during
develop analytical design parameters shock compaction is schematically
for containment vessels using distended depicted in Figure 1.
materials was first published by
Anderson [41. Anderson considers a A. Initial state
spherical vessel and, for constant B. Shocked-up state
volume, optimizes the foam density and C. Final relieved state
vessel thickness to yield minimum
total weight. He does not, however,
take into account shrapnel or tempera-
ture increases due to foam compaction.
On the basis of Benedick's experimental Hugoniot
work, Barr and Dahlgren [5] extended B
this approach using several concentric
shells separated by layers of dis-
tended metal. They use numerical
hydrocode calculations to examine, as
a function of time after detonation,
the redistribution of internal and
kinetic energies in the vessel. The
shock-mitigating properties of dis- Rayleigh line
tended materials, not necessarily
within the context of explosive confine- Release
ment, have been investigated by a
number of experimenters (6-12]. Analyt- Isentro
ically, a constitutive equation-of-
state model was developed by Herrmann
[133, whose work also contains a good
bibliography of earlier work on dis- Cpecific Volume
tended material models. Nondistended Metal

A number of related papers are of
use in the study of explosive con- Hugoniot
finement. Kennedy [14] extends the
Gurney equations to estimate shrapnel B
velocities, and thus momentum and 4
energy, for a wide range of charge and
shrapnel geometries. Duffey [15] de-
rives dynamic scaling laws for struc-

tures. taking into account rate effects. 4) o
The results of the interaction of yleigh line
explosive detonations with their - 0
surroundings is discussed for various
cases (e.g., metal forming with explo-
sives, etc.) in a collection of papers
published by the New Mexico Section of C A
the ASME [16]. Specific Volume

Distended Metal
PHENOMENOLOGY Figure 1. Internal Energy During Shock Com-

General Considerations paction. The shaded area represents the
irreversible internal energy absorbed by

A convenient way to analyze the the material during shock compaction.

containment process is to consider
energy distribution, momentum distri- The Hugoniot represents the locus
bution, and stress distribution, of all points that can be reached

during shock compact; ,n. The internal
Energy distribution is perhaps energy of a material when shocked from

the most intuitive aspect of contain- Point A to point B on the Hugoniot is
ment. The chemical energy released by the area under the Rayleigh line. The
the explosive is transformed into energy recovered when the final state
internal energy in the absorber mater- C is reached is the area under the
ial, interral (strain) energy in the release isentrope. Thus the shaded
containing vessel, and kinetic energy area between the Rayleigh line and the
of the absorber and vessel. If gases release isentrope is the irreversible
are not vented, the residual energy of internal energy of compaction gener-
the gaseous detonation productions must ally given off in the form of heat.
also be accounted for. The internal (For a more detailed treatment, see,
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for example, Reference 17.) Note A momentum balance must be per-
that the irreversible internal energy, formed in addition to the energy
because of the large permanent volume balance, because conservation of
change, is very high for distended momentum must be satisfied. (It is
materials, making them particulai assumed that enough time has elapsed
well suited for energy absorption. so that rigid body rather than wave
Since the remaining energy must be mechdnics dominates.) The impulse
transformed into strain energy in the generated by the explosive imparts
containing vessel, its material proper- momentum to the absorber material and
ties must be chosen to maximize strain the outer vessel. This total momen-
energy. The allowable strain energy tum must be reduced to zero by the
per unit volume in a material is reaction of the stresses in the outer
equal to fadc and is schematically vessel. (The momentum of the gaseous
illustrated for an example. As illus- detonation products must be included if
trated in Figure 2, materials with no venting occurs.)
high ductility should be selected over
higher-strength low-ductility materials
for maximum strain energy. Note that t(mv) foAdt (1)
in metals, ductility tends to decrease
with increasing tensile strength. i.e., the total change in momentum

must equal the integral of the time
history of the stresses in the outer

Ultimate vessel.
strength
... - -An alternative procedure is to

insert a material like honeycomb
between the distended material and the
outer vessel. This configuration,

4.0 suggested by Davidson (181, results inrd the following momentum balance:

A(mv) = F dt Adt (2)

honeycomb shell

4 The honeycomb exerts a constant force
over a long period of time and thus

S(Strain) reduces both the peak stress and thestrain energy of the outer vessel.High Strength-Low Ductility The increase in total mass due to the

honeycomb is, of course, small.

In trying to optimize the absorber
distention ratio, one is tempted to
reason as follows: for constant
explosive impulse, conservation ofUltimate strength momentum dictates the use of high-

- - -- -- -- -density absorber materials in order to
increase the total mass and thus

o decrease velocity. This leads, how-
ever, to a paradox first pointed out
by Anderson (41. Increasing the

odensity of the absorber introduces
additional tamping around the explosiveand thereby raises the impulse deliv-

ered by the explosive, since the effi-
ciency of high explosive is increased
by tamping. This in turn increases

C (Strain) the momentum imparted to the contain-
ment vessel. One can then infer theModerate Strength-High Ductility existence of an optimum distention

ratio for which the decrease in velo-

Ductility. (Strain energy is given by

f a d c, represented by the shaded area
under the stress-strain curve.)
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In addition to the energy and constitutive materials when the disten-
momentum conservation laws, one must tion ratio is kept constant and (2) the
consider the peak stresses imparted to effect of different densities and
the outer vessel. If the peak stresses density gradients when the constitutive
are sufficiently high, the vessel may material is held constant. The appli-
fracture or spall before the contain- cability of the absorber material model
ment process has equilibrated. Thus used in the code to the range of densi-
the absorber material must also be ties investigated was studied experi-
selected for its stress wave attenu- mentally and was found to be quite
ation characteristics. Distended adequate. Spherical as well as rec-
metals are again well suited to this tangular geometries were considered.*
purpose. Stress is attenuated by the The criteria selected were internal and
inverse of the square of the thickness kinetic energies of the containment
of the absorber r19). vessel, as well as peak stress in the

containment vessel. Densities investi-
The physical containment problem gated were in the range of 25 percent

is, of course, greatly complicated by (c = 4) to 50 percent (a = 2) of solid
the presence of shrapnel and three- theoretical density.t Typical results
dimensional effects, which may in for rectangular geometry are shown in
specific cases render simple models
invalid. Some general conclusions can
still be drawn, however. The energy-
absorbing material must be able to
undergo a substantial volume change to
result in significant PdV (pressure
times volume change) work while simul-
taneously causing a sufficient attenu-
ation in the stress imparted to the
outer vessel. The outer containing
vessel must be of high ductility,
rather than high strength and low
ductility, to maximize the allowable
strain energy. These conclusions will A sample configuration is given in the

be quantized somewhat in the following Appendix.
sections. sThe selection of the density range was

Consideration of a Specific Geometry based to a large extent on the experi-
mental work by Benedick [3]. An i

Ideally, one would like to gain interesting aside can also be shown:
For the "snowplow" distended material

some insight into the physical sig- model (the distended material is
nificance of various parameters involved compacted to full density at negli-
in containment before one resorts toexperimental methods. One approach is gible pressure), the attenuation by

the absorber of the pressure due to an
to investigate the optimization of asimpe cntanmet gemety. ndesoninitial impulse Io, as a function of
simple containment geometry. Anderson specific volume V0 of the theoretical
(41 attempted to solve a problem of
this type in which he fixed the total solid, distention ratio a, and ab-

volume (i.e., r = constant) and mini- sorber thickness x is given by

mized the -otal weight by changing the
distention ratio and container thick- 2 V 2
ness. Because of simplifying assump- P =
tions made to allow a partly closed- p 2 i) x2

form solution, the range of distention
ratio considered was outside the range
of practical interest for containment For a given material (V0 = constant),
applications. However, two qualita-
tively important discoveries came out constant thickness, and constant
of this study: (1) the existence of an impulse 10, setting
optimum absorber distention ratio to
vessel thickness relation and (2) the aP
significance of tamping the explosive Da- I° , V , x
in performing a momentum balance. 0

A numerical study was performed yields a minimum value of a = 2, thus

with the one-dimensional Lagrangian showing not only the existence of an
wave propagation code WONDY [201 and optimum distention ratio, but also
tyielding a value (50 percent dense)a'" ~the two-dimensional code TOODY 121). sm~rt htdtrie xei

similar to that determined experi-
Two primary areas were investigated:(1) the effect of different absorber
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Figure 3. Kinetic energy versus time 2. The higher-density absorbers are
and stress versus time in the outer more efficient, but if a density
vessel are given for absorber densi- gradient is desired for weight
tites of 25 and 50 percent and layered savings, the absorber should
configurations of 25 percent (inner increase in density as the dis-
layer) and 50 percent (outer layer), as tance from the explosive in-
well as 50 percent (inner layer) and 25 creases.
percent (outer layer).

The first conclusion has been
suggested by previous investigators.
The second conclusion is contrary tc,

r earlier results and may be due to the

C I fact that the lower-density absorber51 " around the explosive tends to decrease

the effective impulse. Note, however,
V 1 that this study assumed gases to be

rvented and thus did not consider tem-/perature increases due to compaction of
'1 the distended material as significant

N parameters. In nonvented vessels, tem-J / perature increases must be taken into
Time / account, as they result in increased
Time gas pressure and consequently in in-

creased residual stress in the vessel.

50 percent dense absorber
EXPERIMENTAL STUDY

25 percent dense absorber

inner layer 50 percent The purpose of the experimental
outer layer 25 percent study was twofold: to gain a better

understanding of containment pheno-
inner layer 25 percent menology, and to develop prototype
outer layer 50 percent containment systems compatible with

present explosive component require-
ments.

A review of the literature and
preliminary analytical results sug-
gested that the containment method

I using distended materials as energy
absorbers as proposed by Benedick 13)
usg dsteomising in terms of imme-2 a I diate payoff, as well as for future

- i i II improvements. Thus sintered metals,
primarily iron and steel, were selected

II as the energy absorbers. In cases
14 I ' where layering of the sintered metals
, Iwith low-density absorbers was studied,

refractory brick and carbon foam were
'ime used. After an initial experiment with

inoderately dluctile (15 - 20 percent
elongation) aluminum (chosen because of
its low weight), a highly ductile (45 -
55 percent elongation) stainless steel
of moderate strength (7 kilobar) wasFgure 3. Knetic Energy and Stress in the used exclusively for the containing

Outer Containing vessel Normalized to the vessel. A threaded joint, rather than
Case of a 50-Percent Dense Energy Absorber. a bolted connection, was chosen to join

the two vessel halves. This method
The conclusions, applying both to provides a more integrated connection

rectangular and spherical geometries, and reduces tne number of parameters
are as follows: involved in the study, i.e., vessel

A strength rather than bolt configuration a
1. Distention ratio rather than will tend to dominate. With these

significant property when the chosen, the parameters selected for

solid densities are similar. optimization were vessel size and wall
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Vent hole (also used 
thickness and absorber 

material thick-

for electrical leads ness and distention. A representative

Stainless steel to component) vessel is shown in Figure 4.
outer vessel Initial sizing was determined by

scaling from earlier applicable experi-
ments and dimensional guidelines devel-
oped from the computer calculations. A

12.1 cm representative component was then
'DistendLd metal (4.76 in) detonated inside the containment system.

Visual inspection was made of plastic
flow in the vessel, and average strain
was itimdted. Typical pre- and post-
shot photographs demonstrating vessel
deformation are shown in Figure 5.
Pre- and postshot radiographs were

Distended metal taken to indicate approximate degree of
densification of the absorber material
by measuring the relative compaction.
Typical radiographs are shown in Figure
6.

8.25 cm

(3.25 in)

Figure 4. Typical Containment System.
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Figure 5. Pre- and Postshot Photographs o± Typical vessel.
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Whenever a vessel succesfully the vessel was reduced when there was
contained an explosion, the data gained evidence of lack of compaction of the
were used to design the next config- absorber, coupled with little apparent
uration. Overdesign for a particular deformation of the vessel. Fourth, the
amount of explosive was determined by same configuration was used again with
lack of plastic flow in the outer a larger explosive charge, thus pro-
vessel and an insufficient amount of viding a starting point for a new array
compaction of the absorber material, of design iterations.
Four primary means of iteration were
used, either singly or in combination.
First, the absorber weight was reduced RESULTS
by means of a layer of low-density foam
in place of some of the original sin- The results of the experimental
tered iron. The amount of replacement series were highly encouraging. A wide
was determined largely from the radio- variety of explosive components ranging
graphs. Second, the wall thickness of from 8 to 38 grams of high explosive
the outer vessel was reduced. This was were sucessfully contained. The range
done primarily when inspection showed a of containment system dimensions is
lack of plasticity. Third, the size of illustrated in Figure 7.

12.1 cm
1 ~ (4. 76 in

C) C grams

8.25 cm
(3.25 in)

A) 38 grams

Figure 7. Typical Range of Containment Vessel Dimensions and Approximate Quantity uf
High Explosive Contained. (Vessels are shown to the same scale.)

A design goal of a containment MOUNTING OF THE CONTAINMENT VESSEL
syste~m weight to explosive charge
weight ratio* of approximately 150 A preliminary investigation was
(corresponding to a contained weight made of possible vessel mounting
of 1/3 pound per gram of explosive) configurF.tions. One possible mounting
was set at the inception of the pro- scheme is illustrated in Figure 8.
gram. Initial designs yielded ratios Significant reductions in mounting
of approximately 300, and final con- hardware weight can be achieved with
figurations ranged down to a ratio of minimal effort.
less than 110.

*Containment weight to explosive charge weight ratio is a convenient way of quan-
tizing containment efficiency. Since the explosive content of a specific explosive
component, e.g., an explosive-to-electric transducer, is known, the total contained

weight of the system can then be assessed and compared with nonexplosive devices.
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A

0.445 2.0 cm X.327 cm

cm
).645

cm

Distended
Rigid Steel Free boundary
boundary

High explosive Stainless steel Stainless steel

Figure A-i. Schematic of the One-Dimensional Computer Model.
The explosive and inner plate represent the com-
ponent, the distended steel is the absorber, and

the outer plate is the containing vessel.

J Sintered ste Sitrd te

~ Explosive Steel l'xplosive Sintered steel

O'uter plt 
Oter plate

0 0

Inner steeI lte Inner steel pl~ate4

Time lime

a) 50 percent dense absorber b) 25 percent dense absorber

Figure A-2. Redistribution of Energy in the Containment System.
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ANALYSIS OF CONCRETE ARCH MAGAZINE USING

FINITE ELE.iENT TECHNIQUES

J. M. Ferritto
Civil Engineering Laboratory

Naval Construction Battalion Center
Port Hueneme, California

The existing standard earth-covered concrete arch igloo
magazine has been analyzed using finite element techniques
and found capable of withstanding a total long-duration
dynamic p'ressure of 25 psi (172 kPa) from the detonation
of a nuclear weapoh.. The arch load capacity was increased
to a limit of 100 psi (690 ZPa) by the addition of soil
fill above he structure and on its sides to produce a
much flatter slope, reducing drag and reflected pressures.

INTRODUCTION overpressure (less than 10 psi (69 kPa)

side-on overpressure, equal to 25 psi
The Department of Defense has for (172 kPa) total dynamic pressure). To

many years stored explosive components upgrade the hardness of the structure,
of various weapon systems in earth- it would be necessary to decrease the
mounded arch magazines or igloos. Several reflected pressure wave, the dynamic
varieties of reinforced concrete arch drag pressure, and/or the asymmetrical
igloos have been used; one of the most characteristics of the load applications.
prevelent used has been the circular To achieve these results, it was pro-
bariel arch such as the Department of posed to flatten the slope to as near
the Army, Office of the Chief Engineer's horizontal as possible (less than 4:1)
standard igloo, OCE Drawing Number and to increase the height of soil cover
33-15-06. over the arch. The hardness level of

The arch span about 27 feet (8.22 m) the modified structure was evaluated
and has a height at the crown of about using the finite element technique.
13 feet (3.96 m). The thickness of the This report presents the results of the
reinforced concrete varies from 16 inches finite element analysis and the recom-
(0.4 m) at the base to 6 inches (0.15 m) mended modifications to the existing
at the crown. Reinforcing steel in the structure to upgrade its hardness to a
direction of the arch consists of No. 5 side-on overpressure level of 100 psi
bars at 12-inch (0.30 m) centers on each (690 kPa). 4S
face with a uniform concrete cover of
1-5/8 inches (0.041 m).

The arch igloos are covered with 2 ANALYSIS OF ARCh STRUCTURE
feet (0.6 m) of soil, forming an earth
bhrm sloping outward with a horizontal- Finite Element Technique
to-vertical ratio of 2:1. The finite element method idealizes

The objective of this project was to
examine and upgrade the blast resistance a continuum as an assemblage of a finite
of this arch to long-duration loading number of discrete structural elementsof tis rchto ong-uraionloainginterconnected at a number of joints or
effects produced by a detonation of a

nuclear weapon. The relativerly steep nodal points. Ihis discussinconsidersplanar sections idealized by being seg-
slope of the earth berm results in an l cin
increase in loading from the reflection mented 'nto quadrilaterals. The program
of the side-on overpressure blast wave dised in this study was NONSAP [1,21, a

and from the dynamic drag forces caused structural analysis program for static
by the blast wind pressure. Further, the
loading is principally on the side of tural systems. The University of Cali-
the structure, producing a significantly fornia at Berkeley (under sponsorship

asymmetrical loading condition on the of the Bureau of Mines) and Engineering!
arch. An approximate analy3is indicated Analysis Corporation (under contracttht trhe staproxitte nals istindicon", from CEL) developed tile program.

~ .Two element types vere usedints, -that the structure in its existing con- Two~ CL elcnttpes the usgred in this

figuration would fail at a very low study -- the truss and the two-dimen-
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sional continuum. The truss element has Arch Without Soil Cover
two nodes and is capable of transmitting
axial force only. The lumped mass matrix As a preliminary step in developing
technique was used which lumps half of an understanding of the behavior of the
the element's mass at each of the two structure, it was decided to study the
nodes. The two-dimensional continuum arch by itself without any soil cover.
element is an arbitrary quadrilateral A model was developed having 72 two-
shape used in this case to represent the dimensional continuum elements to repre-
plane strain idealization. The element sent the concrete and 72 truss elements
may have any number of nodes between to represent the reinforcing steel
four and eight. Nodes above four are (Figure 1). The base of the arch was
considered as midside nodes. Displace- restrained (or fixed) against transla-
ment interpolation functions are written tion and rotation.
to include midside nodes and are omitted

when not used. The mass of the element
is lumped equally at all of its node
points. The program can perform a
dynamic analysis by either numerical
time integration or an eigenvalue method
of mode superposition.

Material Models

Linear material properties were de- 100 psi 100 psi 100 psi
fined using a Young's modulus for truss (690 kPa) (690 kPa) (690 kPa)
elements and by a Young's modulus and
Poisson's ratio for two-dimensional con-
tinuum elements. Nonlinear properties e
for the truss elements were defined by a o 1dCse 3

series of stress and strain points. Non- 50 psi
linear two-dimensional continuum elements (345 kPa)
were defined by a series of points at
which the loading bulk modulus, unload- Figure 1. Finite Element mesh of arch
ing bulk mcdulus, and shear modulus were without soil cover.
defined as functions of the volumetric
strain. Tensile stresses were limited toset alue innonlnearconreteandThe material properties of the arch
setvalues in nonlinear concrete andweecnirdtoblna.Th
soil elements. The following relation- were considered to be linear. The
ships hold for plane strain problems. Young's modulus of steel reinforcing was

assumed to be 29,000,000 psi (2.0 x 108
0a x + + a kPa), and the area of the truss elements
a O= -= Erepresenting the steel was determined by

dividing the actual bar area by the bar
spacing. In this manner, the steel

E reinforcement was represented as a con-
3(1 - 2u) tinuum through the length ot the arch,

allowing, the use of a planar model. '
G = E The dynamic concrete material in the

2(1 + t) two-dimensional continuum elements was
modeled by an average Young's modulus of

where ev = volumetric strain psi (2.06 x 07 kPa) and a
Oa = average stress Poisson's ratio of 0.17.

E = Young's modulus Load Case 1. A uniform static pres-
P s rsure of 100 psi was applied around the

.P = Poisson's ratio arch. The thrust at the crown was com-
K = Bulk modulus puted by integrating the element stress

Se mducontributions over the cross section.
This value was found to be approximately

T nnnr w inoloequal to the thrust computed by simple?' The nonlinear two-dimensional con-

tinuum material model used incorporates pipe formula.

< crack propagation capability. Initially, conc ele 3,464 psi x 1.625 sq in. =5,630 lb
the element material is treated as iso- conc ele 2,786 psi x 1.375 sq in. = 3,830 lb
tropic. When a principal tensile stress conc ele 2,156 psi x 1.375 sq in. 2,970 lb
exceeds the allowed limit, the material conc ele 1,511 psi x 1.625 sq in. = 2,460 lb
becomes orthotropic; and the modulus in steel truss ele force - 769 lb
the "cracked" direction is divided by steel truss ele force = 414 lb
100 to simulate the presence of a crack. Total thrust = 16,073 lb (71,500 N)
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a Prt causing the first hinge to form at the
base would be about 30 psi (206 kPa).

= The data from the elastic analysis of
rt the arch half loaded was very difficult

to interpret. To obtain a better under-where a =Pipe compression stress standing of the failure mechanism under

gross asymmetric loading, a static non-th= ise cadie) stadig0f heiaiurhmeaisudePipe rads (linear analysis was performed. A bi-linear concrete model with compressiont - Pipe wall thickness yielding at 4,000 psi (27,580 kPa) and
= Pipe th tensile cracking at 400 psi (2,758 kPa)

thrust was used. The steel reinforcement was
P = 16,073/160 1 100 psi (690 kPa) also a bilinear model both in tension

and compression. Figure 2 gives the
The deflection of the crown of the deflection of the structure. Figure 3

arch was 0.0506 inch (1.42 mm). This summarizes the arch behavior for various
demonstrates the inherent stiffness of increments of load. The maximum capac-
the arch section in symmetrical ring ity of the arch is about 25 psi (172
compression. The region with highest kPa). This loading condition closely
stress was the crown section. The arch represents the arch in its existing
structures were constructed a number of condition with minimum soil cover.
years ago with a design concrete strength
of 2,500 psi (17,240 kPa). Applying a
dynamic increase factor of 1.25 plus an
age factor, ultimate concrete strengths
of 4,000 psi (27,580 kPa) would not be
considered excessive. By assuming a
4,000-psi (27,580-kPa) dynamic concrete
strength, one would expect that the for- j
mation of the first hinge point at the
crown would occur at a uniform pressure deflection 100
of 140 psi (965 kPa). This is based on times actual
the stress in element 27 (2,840 psi,
19,581 kPa) and assumes crushing of the
concrete cover. The steel stress wouldbe above dynamic yield in compression

(assumed to be 48,000 psi, 330,960 kPa). Figure 2. Deflection of arch under
The ductility of this section is severe- load case 3.
ly limited by the buckling of the rein-
forcement and by the minimum depth of
the section .at the crown. Because the Eigenvalue Analysis. An eigenvalue
arch has a varying thickness, the for- analysis was performed to obtain the
mation of a second hinge would not occur; natural periods and mode shapes of the
rather a spreading of the existing area arch.
of crushing, followed by collapse, would
be expected. Arch With Soil Cover

Load Case 2. In case 2, the arch To model the proposed method for
was loaded with a symmetrical static u
pressure of 50 psi (345 kPa) at the basestructure,increasing to 100 psi (690 kPa) at the a second finite element mesh was pre-• pared. In this mesh the structure was
crown. This loading was thought to more pared bn this me tewaacurtey epesntthe effect of the covered by soil 4 feet (1.2 m) deep
accurately represent above the crown and horizontal (see
soil cover in transmitting load to the Figure 4). Since the mesh had a much
arch. The deflection of the crown was larger number of elements, the arch was
0.138 inch (3.5 mm). The first hinge represented by atsingle element in
would form at the crown at a load of thickness rather than the four elements
deceainabout 160 psi (1103 kPa) at the crown, used in the arch without soil cover.

base. The reinforcing steel would be The linear material properties and arch- o bae. he rinfrcig stel oul bethickness were calculated as in the
at the yield point in compression; asSnf oequations below to produce the same

J•-~ ioelastic axial and flexural stiffness asgressive yielding and buckling at the the actual section.
crown.

Load Case 3. Half the arch was E I + El = EtI
loaded with a uniform pressure of 100
psi (690 kPa). Deflections were several ss cc = EtAt
inches. Hinging would occur at the base E A + E A
and at the crown region. The pressure
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Figure 4. Finite element mesh of arch covered with soil.

where Es = Young's modulus of steel 300

Ec = Young's modulus of concrete 200

Et = Equivalent Young's modulus

is = Moment of inertia of steel

IC = Average moment of inertia of
concrete

It = Equivalent moment of inertia

As = Area of steel Thrust

Ac . Area of concrete

At = Equivalent area of concrete

As shown in Figure 4, a total of 266
elements and 307 node points were used
in the mesh.

The portion of the mesh representing
the ground surface was loaded with a
100-psi (690 kPa) static load. The
thrust and moment along the arch are
shown in Figure 5. Figure 6 gives the
thrust-moment capacities of various sec- Moment
tions of the arch.

The critical section is the crown
section governed by thrust. By compari- Figure 5. Thrust and moment of arch covered
son of the calculated thrust-moment load- with soil, 100-psi static load.
ing (196 kips (0.87 N) at 100 psi (690 i
kPa)) with the allowable thrust-moment
capacity (270 kips (1.2 N)) at which
yielding occurs, the pressure on the An eigenvalue analysis was performedground surface at which yield occurs is to determine mode shapes and natural
138 psi. Since the pressure loading is periods of the arch covered with soil.
nearly hydrostatic in this case, the The soil mass increases tie natural
load capacity of the arch should agree period from 72 msec to 118 msec. The

#.: , with that computed above when the arch first mode shape of the arch without
was modeled by four elements in thickness soil is similar to that of the arch with

41 .. without soil. The agreement is excellent soil. However, higher mode shapes differ
" -- 138 psi (951 kPa) to 140 psi (965 kPa) somewhat; the soil mass seems to restrain

-- indicating the modeling 3f the arch the arch.
by one-element-thick sections was accu- A linear dynamtic analysis was per-
rate enough. formed using the direct-integration
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Figure 6. Thrust-moment capacity of arch sections.

method with a time increment of 0.5 msec.
A 100-psi (690-kPa) traveling wave (mov- 300 k
ing from left to right) was used to load
the ground surface; the pressure wave 200
had a triangular shape with an effective
positive wave duration as determined
from Reference 3. The wave moved across0
the ground at the rate of 3 ft/msec
(0.91 m/msec). Thrust-moment diagrams
and pressure loads were computed for
various time increments (Figure 7). The
peak loading determined from the thrust-
moment diagrams occurred at 34 msec. Thrst
The moving wave produced a loading more
asymmetric than the static loads. By
using the thrust-moment loadings it was 106 kip-in.
determined that the load at which the Ix
structures became inelastic (formed a
first hinge) was 80 psi (551 kPa). j '
Points of high stress (hinge formation)0
are shown in Figure 8. If the structure
were considered as a single-degree-of-
freedom system with a natural period of -.
118 msec, the required structural resis-
tance for a structure to remain elastic Z
would be 1.8 times the load or 144 psi

_ (993 kPa) (1.8 x 80 psi (551 kPa)). Moment
Since the stresses approach the ultimate Figure 7. Thrust and moment of arch for
capacity of the concrete (thrust rather gre T and ment o0-cfo

than moment), the probability of failure tie0-34 mec 100-ps
over large areas of the arch is high.
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J,

thrust 1.00
capacity thrustexceeded capacity Horizontal motion

exceeded 0.75 of arch crown

0.50

0.25

arch atT=34 msec. V c t
-0.50

Therefore, it is necessary that the
ductility factor allowed must be low -- -0.75
1.3 to 1.5 [3]. Using the response of a
single-degree-of-freedom system with a
structural resistance of 144 psi (993 -1.00
kPa) and a ductility factor of 1.4, the
maximum total load capacity of the arch
is 105 psi (724 kPa). Eliminating the -1.25
dead load, the arch would be able to
carry about 100 psi (690 kPa) side-on
overpressure on the ground surface. This -1.50
represents the maximum pressure that can 0 10 20 30 40 50 60 70
be carried without structural modifica- Time (msec)
tion of the arch. The deflection history
of the cron of the arch is given in
Figure 9. Figure 9. Deflection of crown of arch.

SUMMARY

The standard earth-covered arch was
analyzed in its existing configuration 3. Air Force Special Weapons Center.
and found capable of resisting a total AFSWC TDR 62-138: Air Force Design
dynamic long duration pressure of only Manual: Principles and practices for
25 psi (172 kPa) (10 psi (69 kPa) over- design of hardened structures. Kirtland
pressure). The loading produces an Air Force Base, NM.
asymmetric condition mainly caused by
the reflected pressure wave and the drag
pressure. The soil cover above the arch
was widened to flatten the slope to as
near horizontal as possible. The struc-
ture was found to be capable of resisting
a side-on overpressure of 100 psi.
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